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Introduction

The first public results published recently on the analy$idata taken during 2010
at theceRN Large Hadron ColliderHc) revealed the excellent performance of the
detectors, the accuracy of their measurements and the goasl of the signal and
background rates out of proton-proton collisions. Thaeefthere is no doubt that if
a yet-unprobed sector of the physics (Higgs, supersymmetiyis on their range of
possible measurements, a discovery is "at the corner”. ©rcémtrary, the amount
of statistics which will be recorded in 2011 would consttatsignificant data sample
to put strong constraints on new physics. At the sight of shiscess of theHc, one
might wonder was it the reason to devote a research thedie interactions between
photons exchanged by beamline protons, especially whekrmves that it constitutes
only 1% of the total interactions .

However, as it will be demonstrated through the next chapten-photon interactions
may play a important role in the next years atthe. On the one hand, as a powerful
tool to calibrate the total integrated luminosity recorded by the experiments. This
guantity, as it directly connects the cross-section (framtheory) and the event rate
(from the experiment), is one of the most fundamental ingaiduby the wholeHc
scientific community. Although the value of the luminosignde determined through
other methods, the exclusive two-photon production of npairs remains one of the
most accurate and reliable physics channel to measure it.

One the other hand, as a tool poobe and to constrain new sectors in particle
physics For instance, the detection aew charged pairs produced through two-
photon interactions would allow for a precise and evenebgnt measurement of the
mass spectrum. This has to be put in contrast with the rds@aproton-proton inter-
actions which own a larger discovery potentiaBafyond the Standard Modghysics,
but would struggle to do precision measurements.



The advantages enjoyed by the two-photon produced evenriaen by theaccu-
rate knowledge of the cross-sections and kinematiasf the these interactions, and
the striking experimental signature of exclusive pair producion. The first fact al-
lows to predict precisely rates and physical distributji@wsthat any deviations from
these expectations would be the sign of somethiegy. The second property makes
it easy to detect such interactions: after the (elasticyg@hexchange, the proton re-
mains intact and is scattered at small angle. In exclusigeghoton interactions, the
final state is therefore composed of two forward scatteretbps, the pair of charged
particles produced out the photons fusion andhothing else!

However, it turned to be that the "nothing else” is the modfialilt to detect! In
particular because two-photon interactions are occurdinthe LHC with a config-
uration which favors simultaneous interactions within aene bunch-crossing, the
famouspileup effect. The properties of this "nothing else”, namely thelusivity
conditions of the event are therefore one of the most difficult experimental charac
istics to determine. One has to deal with many theoreticdleperimental aspects:
survival probability, inelastic photon-exchange, fordiapverage, calorimeter noise,
low-pr track reconstruction, vertex position resolution,

The possible upgrade of thems detector through the installation wéry forward
detectorsa few hundred meters from the interaction point may howawgarove the
situation in the near future. With such dedicated detectmars may thus tag a photon
interaction by the detection of the associated outgoingdod proton. The measure-
ment of the proton energy loss, and hence the photon eneagdvbring valuable
extra information on the initial conditions of the event.i§ project, supported by the
High Precision SpectrometérPs) collaboration, has finally a chance to born during
the next long.HC shutdown. Once more, pileup effect will play a importanerab
it may fake exclusive interactions when accidental protits ih the forward regions
occur simultaneously with a measurement in the centrattimteOne way to suppress
this background consists in the measurement of the pratmndi arrival inHPS, and
to check consistency with the central measurement posititinz-by-timing method.
A prototype offast timing detector with ~10 ps resolution GASTOF, has been built
in Louvain-la-Neuve in the purpose of such measurements.



The study of these unusual interactions at hadron collidassbeen conducted during
the thesis through their different facets: Monte-Carlowdation, phenomenology, de-
tector commissioning, data processing, to study the unique aspects of two-photon
interactions. Among them:

1. vy~ properties: What are the expected rates of two-photon interactions at the
LHC? What is the effect of inelastic photon-exchange ?

2. Exclusivity conditions: How to characterize exclusivity in a complex detector
(cms) at hadron collideri(Hc)?

3. Two-photon production of muon pair: Is it possible to detect such events at
theLHc, even with significant pileup interactions?

4. Luminosity: Is thepp — pu*pu~p process a good candidate to calibrate the
luminosity as it is claimed in literature?

5. HPs and new physics:With the installation of very forward proton detectors,
what kind of measurements are possibleyin which are not in nominapp
collisions?

6. Timing detectors: What is the rate of accidental background expected and how
much can be suppressed ?

This thesis divided between in four main parts:

1] The context

The general (and deliberately qualiqualitativee) stdtthe-art of the particle physics
knowledge at startup of theHc is presented. The advantages of two-photon inter-
actions at hadron colliders are highlighted, and expeciégsrofy~ interactions at
Vs = 14 TeV ([1]) and7 TeV (original) are derived. They serve as a base for the cal-
culation of two-photon production cross-section, as faragle for supersymmetric
pairs subject of the last chapter.

Specific Monte-Carlo techniques for lepton pairs productive detailed. For the
first time, the LPAIR generator is used in association witredicated simulation of
the proton remnant to produce together elastic, singlistie and double-inelastic
photons-exchange for they — p*u~ process studied later.



Il The experimental tools

A large overview of the current and future detectors usecetecs events produced
through two-photon interactions is compiled. It contaiesdatiption of thecms de-
tector [2] with an emphasis on the sub-detectors and reaartistn schemes used in
2010 to select exclusive eventsyip collisions.

For the future upgrade afms with very-forward stations [3], tagging acceptance is
computed for the newly chosen locations6240 m. Besides they signal acceptance,

a full study of the proton accidental hits background is gerfed for the first time
considering the fulHpssystem [3, 4]. Reduction of the overlap background rate with
GASTOFfast timing detector is taken into consideration, alondwtétsts of detector
design to optimize the timing resolution [5].

l1l.] The results

The experimental characterization of the exclusivity dtods within thecms de-
tector is developed in the first section of this part. Startivith the original idea to
monitor the calorimetric tower noise for usage as a veto ttusive events [6], it
clearly shows that theHc configuration with pileup is spoiling this method. There-
fore, a completely new method establishing the exclusiiithin the tracker only
—thanks to specific vertexing and tracking selection— isgméed.

The demonstration of the performance of these new techsiguachieved with the
observation of theyy — ™ u~ process with thems detector [7], among the data
recorded ir2010 in pileup environment, for which data-driven efficiency remtions
are calculated and applied to the LPAIR Monte-Carlo samples

The separation of the elastic signal from other contrimgis done thanks to a novel
fit procedure, with a first application to the calibrationloé2010 integrated luminos-

ity. Systematics related to exclusive process selectigmat extraction and experi-
mental uncertainties are estimated separately.

The look forward

Finally, an exploratory research of the physics potential with theips detectors in
the beamline is presented. Using predicted rates from firdiess, double-tag accep-
tance ofHpsderived previously, and the confirmation of the performéncéetecting
exclusive di-leptonic events, the two-photon productiod detection of supersym-
metric pairs are investigated [8].



An empirical method is implemented, aiming to reconstrbet3USY mass spectrum
with a few GeV resolution only. Overlap background effecadsled to the study, to-
gether with some specific methods to suppress it, includitty@asTordetector [9].
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Chapter 1

Motivation

“Big Bang machine scientists look to exotic findings”
Reuter Press (May 2010)

1.1 The purpose of the Large Hadron Collider

The purpose of high-energy physics is the study of the mdldilocks of matter

and the interactions between them. As a result of decadessefirch, an (almost)
complete comprehension of the fundamental elements aidpitoperties has been
achieved. This is codified in the so-call§thndard Mode{SM). On the one hand, the
constituents of the matter are point-like particles whiah be grouped according to
some principles of symmetry; on the other hand, their muntalactions are driven

by elementary forces which can be explained within the fraark of gauge field the-

ories.

All the particles can also be described as fields and thedractions as mediated by
gauge fields. Since the fields are quantized, the interactian also be thought as
carried by particles. All the currently known matter and-anétter particles can then
be described by fermionic fields, while the interactions ragresented by bosonic
fields. The current scheme of classification, and the relagegs, are listed afterward.
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The elementary interaction and matter particles

The bosonic sector of the SM contains three of the four el¢anginteractions and
their respective 'force carrier’: electromagnetic (meeihby the massless and neu-
tral photorry), strong (mediated by 8 massless and color charged glycasing on
quarks only) and weak (mediated by massive bodditsand Z°). Indeed, it is not
clear if at the quantum level the gravitational force is nagelil by gauge field and thus
can be described within this framework.

The fermionic sector contains the quarks and the fermionsti@oent of the matter.
For each matter particle, it also exists an anti-matteligganvith the same mass and
life time but opposite quantum numbers (and consequeritigrdnt electric charge).
The leptonsare composed of the electrog(), muon (:~) and tau ), each hav-

ing electric charg&) = —1 and no color charge; and their corresponding neutrinos
(Ve v v7) which have@ = 0.

Moreover, one can find siguarks namely up ¢), charm ¢), top ¢) with @ = 2/3
and down {), strange £) and bottom §) with Q@ = —1/3. However, an important
consequence of the QCD theory is the confinement of the ququksks don't exist
as free particles but are confined into colorless hadrongosed of one quark and
one anti-quark, or three quarks, respectively caftessonandbaryon.

As set of particles in nature have shown similar propertlds,suggests the existence
of symmetries which, from a mathematical point of view, mease of group the-
ory. The symmetry group of the Standard Model contains theygayroupSU (3)c
from the Quantum ChronoDynamics (QCD) theory describimgstinong interactions
between colored quark and gluons, and the gr8if{2);, ® U(1)y of the unified
electroweak interactions proposed by Glashow, WeinbedySalam (GSW), moti-
vated by the experimental observation of maximal parityation, and constructed
with the gauge bosonB,, andW', i = 1,2, 3.

wr

Classification of particles content in the GSW model is digptl in Table 1.1. Within
each generatior,5 matter fields exist: Z leptons, 1R lepton,2 x 3 L quarks and
2x3R quarkg. Right-handed neutrinos are not included in the theory.

The major problem in the GSW model is that all the fields in thiesidered lagrangian
are massless and that any explicit mass termiifey L » is allowed without breaking

1the factor3 is for the color
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Table 1.1:List of known elementary particles constituent of matter with their electrakwe
quantum numbers. A similar table can be built for anti-matter, with anti-cueanld anti-leptons
(@, d, e, b, ...).

the gauge invariance and the renormalization of the theémy.of the gauge fields in
the theory can then be associated with the known gauge ho€hes possible solu-
tion to solve this problem is to introduce a spontaneouskimgeof the electroweak
symmetry.

The Brout-Englert-Higgs mechanism

In order to introduce a spontaneous symmetry breaking asolte the mass problem
for fermions and gauge bosons, Brout and Englert [10] as asgHiggs [11] have
postulated that these masses are generated dynamicallygthaen interaction with

a new complex scalar doublet fiefdl, which is assumed to exist everywhere in the
vacuum. They design the potential (the famous "Mexican paténtial) so that the
groundstate, i.e. the minimal potential energy, is nomzerd is reachable for any
values of the phase so there exists an infinity of equivalent groundstates-(ve'>).

As in quantum field theory only one vacuum state may existe@particular value
of the phase is chosen, it cannot change locally. Theredfamen-zero vacuum expec-
tation value breaks the local gauge invariance.

When the electroweak interaction is imposed, a mixing betwgsige boson states
takes place. Thé?[/f; and B,, fields mix to give rise to four new gauge bosdnst,
Z9 andy.
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Hierarchy and fine-tuning problems of the SM

All the parameters of the SM, including the masses of the t®Ho™, Z° and~, have
been measured with high precision in various recent exparisnand all theoretical
predictions are in good agreement with the present data.eMenvthe Higgs boson
has not yet been discovered. As it can be seen on the left §iBligare/1.3,LEP
searches have put an lower boumg; > 114.4 GeV at [12], andTEVATRON ones
have excluded it fod58 < mpy < 175 GeV [13], both at95% C.L. On the same
figure, one can see that the fit of the electroweak precisitantéads to favor a light
Higgs boson mass\y? = 0 for my = 95.74.23° GeV at95% C.L.).

Anyway, if the Higgs exists, the radiative corrections grtass-squared, which come
at first order from the insertion of a fermion or boson loopha Higgs propagation
line (see Figure 1]1), diverge quadratically at high energy

Am3 ~ O(A?) + ...

whereA is the cut-off scale, i.e. the energy at which the integratégped to avoid
guadratic divergence. If any new-physics scale is intredud can be considered as
the unification scaléd ~ Mpanr ~ 1029 GeV.

Figure 1.1:First order correction to the mass of the Higgs boson due to a loop oidei(feft)
and boson (right).

This is part of the hierarchy problem of the SM: the mass ofHiggs tends to be
near the highest scale of the theory while indirect expembaledata shows the con-
trary. One possible solution consists in a fine-tuning of gheameters bringing to

a cancellation between bosonic and fermionic loop. Howestgeh a cincidence in

the parameters appears extremely unnatural. Moreovereifries to calculate higher
order corrections ten?,, the divergences reappear at each order of perturbative ex-
pansion and need a new fine-tuning of the parameters.
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1.2 A motivation for Supersymmetry

One of the most popular theories assuming new physics ateffiesdale is the super-
symmetry, usually abbreviated by SUSY. It postulates a sgtmnbetween fermions
and bosons, by assuming that each SM particle with a gpias a supersymmetric
partner with spinf — %). The particle spectrum is then doubled and organized in su-
permultiplets: thechiral multiplets contain the spih/2 matter fields and their scalar
partners; theector multiplets contain the spihgauge fields and their fermionic part-
ners. All the particles in a supermultiplet have the sametetecharge, weak isospin
and color. Many theoretical, phenomenological and expemial arguments exist in
favor of a such a symmetry upon the SM, among them:

e SUSY solves the fine-tuning problem:

The radiative correction to the Higgs boson mass-squarathics, in SUSY, both
fermion and boson loops (Figure 1.1) which, according tonRegn rules, contribute
with an opposite sign. The association of a scalar to eachider automatically

cancels the quadratic divergences and solves the finegtymablem, providing that
the SUSY partners are not too heavy compared with the fesnadrthe SM, i.e.

Mmsysy f/ 1 TeVW.

e SUSY brings a candidate for Dark Matter:

By construction, supersymmetric potential could contaime terms violating the
baryon and lepton number conservation. Consequently, sooaels would predict
the spontaneous decay of the proton through the exchangiesfich is ruled out by

current data. To avoid such unwanted terms in the poteotia usually introduces a
new symmetry calle®-parity which is multiplicatively conserved and defined by:

R= (_1)3(B—L)+j

where B is the baryon numbet, the lepton number ang the spin. By definition,
R =1 for all matter particles an&® = —1 for their super-partners. Some important
phenomenological consequences of iyparity conservation are that:

e supersymmetric particles can only be produced by pairsaftispe—anti-sparticle,

¢ the decay products of all SUSY particles must contain an ahab®r of sparti-
cles.

Consequently, the Lightest SUSY Particle (LSP) is heavy rzatdrally neutral and
stable which makes it an excellent candidate for the darkerjad].
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e SUSY yields unification of the coupling constants:

With the SM, the inverse gauge couplings(Q?) ~ ¢'?, a2(Q?) ~ ¢ andaz(Q?) ~
g% depend on the energy and run linearly witl{Q?). Althougha; * decreases with
Q? while a; ! andog1 increase, the extrapolation of their trend never meet toglesi
value (Figure 1.2, left). On the contrary, one expects acatifin of these couplings

3t sM | S + SuUSsY
60 - Ya, 60 - Yo,

40 40 —
1/02 :
20 — 20 —
/0(3 :

o J I S B ol 1

0 5 10 15 0 5 10 15
log,,(Q/GeV) log,,(Q/GeV)

Figure 1.2:Evolution of the inverse of the gauge constants in the SM (left) and in the MSSM
(right), for which the unification is obtained. The SUSY particles are assgutm contribute
only above the effective SUSY scale of about 1 TeV, which cause taegehin slope in the
evolution.

at high energy, in the context of & (5) Grand Unification Theory. However, with
the introduction of a new SUSY scale arouhdeV, the unification of the constants
can be reached at a scalel6f® GeV (Figure 1.2, right).

e SUSY predicts low-mass Higgs boson:

The lightest supersymmetry Higgs boson should not weightentttan140 GeV in
most of the SUSY models [15]. This constraint is in agreenvettt the fit on the
current electroweak precision observable, which tendstorfa light Higgs boson
mass (Figure 1.3).

It has to be noticed that SUSY is not the only model solvingtizess hierarchy prob-
lem, or predicting the existence of new particles not yetalisred. One can cite
for example the theories of Extra Dimensions, Kaluza-Kl@echnicolor or thet!”
generation to name the most famous ones.
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Figure 1.3:Ax? curve derived from the all electroweak precision observable (butitbgs
boson mass) measuredL@P andTEVATRON, as a function ofn g, assuming the SM to be the
correct theory [16].

1.3 Physics at the.HC

In order to understand the origin of the electroweak symynieteaking for which

the Higgs mechanism is supposed to be responsible for, aobbe new sectors on
physics, theCERN accelerators facility center has made the choice to buildyh-h
energy proton and ion collider in the former tunnel of tle® close to Geneva.

Starting from hydrogen atoms on which electrons have beaowved, protons are in-
jected into a linear acceleratarNAC2 up to an energy o0 MeV. The next steps
of energy increase bring the protons to #®0STER(1.4 GeV), to the proton syn-
chrotronps(26 GeV) where protons bunches are formed, and then terlsé150 GeV),
where there are then sufficiently energetic to be injectéaltime LHC ring, as repre-
sented in Figuré 1]4. The operation is repedtédimes, injecting half clockwise
and half anti-clockwise. Final acceleration frai$0 GeV to7 TeV in theLHC is per-
formed through a radio-frequency (RF) system consistirgsifigle super-conducting
cavities per ring, providing an electrical field 2¥1V/cavity at400MHz.

Once in theLHC ring, specific optics composed @R32 dipole magnets and92
quadrupole magnets are used respectively to keep the bettreippaths and to keep
it focused. Only at four points of the rings, the beams aresed:
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e ATLAS (P1) andcwms (P5) are two general-purpose experiments, mainly con-
centrated on search of Higgs boson and new physics,

e ALICE (P2) for the study of heavy-ion collisions,
e LHCb (P8) looking for the CP-violation ik-quark interactions.
Four other caverns are equipped with beam instrumentatidcheaRF system (P4),

beam dump (P6) and collimators for the cleaning of the bantgiP3) and momentum
(P7) of the beam.

T oms
LHC

ALICE LHCh
__—b i
sps “
ATLAS CHNGS \ﬂ
e T e
. (:_.TY__:} IR (1ET ] ISEIL0
\\.- ‘__‘A a7 BT East Aroa

Figure 1.4:Representation of theERN acceleration complex.

In 2010 run period, the accelerator machine ran with a enpegybeam o3.5 TeV
rather then the nominal TeV for security reasons related to inter-dipole electrica
connections. Also, during few days in 2010, thec accelerated and collided heavy
lead nuclei (hence the nanttadron Collider). In that case, the acceleration chain
starts from theLINAC 3, followed by the Low-Energy lon Ring EIR) which store
them before the injection to thes. The primary goal of heavy-ion collisions is to
study the formation and decay of quark-gluon plasma: a nate sff the matter, like
a dense 'soup’ of quarks and gluons formed at high temperatur
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The choice of a hadronic machine, despite the large sucééss previous:Te~ col-
lisions at theL EP, has many advantages compared to a leptonic machine, is tdrm
discovery potential. Indeed, the nominal design ofithe (3.5 TeV during phase I,
7 TeV for phase Il) allows for parton interactions at the c.nesergy around TeV,
i.e. in high-energy region where new physics may appearpamddes large lumi-
nosities, i.e. high rate of collisions.

However, the design also brings a lot of non-conveniencedfeFirstly, as the interac-
tions happen between partons (quarks and gluons) whick aarunknown fraction
of momentum and energy of the incoming protons, the initaditions of the event
remain unknown. Moreover, the parton density functionsKPof the proton have
never been measured at these energies, and are just eati@apolf fit from previous
experimental results. That leads to big uncertaintiesérhdrd process cross-section
predictions as it factorizes into a hard scatter part anch@ tange part:

1 1
Opp—Xx = Z/O dxq gj(l"l?lﬁ%)/o dy g (2, u7) déjr—x (1.1)
ik

whereg, is the PDF which gives the probability for a parterf the proton to enter
the hard scatter with a fractianof the original momentum.

Secondly, recorded events produced in hadron collisioms hrageneral more com-
plex and less clean final states than at tEe: strong interactions result in higher
track multiplicity due to gluon radiation, hadronisatiohtbe proton remnant in the
forward direction and the multiple parton interactionsidtistates of interest are then
embedded in a complicated jet-filled environment, as ilatet in Figuré 1.5 showing
an inclusive dimuon event.

Finally, in order to reach such luminosities, thiec will have to proceed to simulta-
neous multiple collisions per bunch-crossing (the socechilleup eventssee Section
[3.1) which will give rise to a large occupancy of the detestor

On the contrary, high-energy photon interactions usuabult in simple topology
of the initial an final states, and clean experimental emvitent. Properties of such
interactions have been studied in Section 2.1, while thg¥egmental detection is
covered in Chapter 5.

Although the rate of photon interactions (as well as assediaross-sections) is rel-
atively small, studying processes mediated by photonseatile should bring com-
plementary results to the nominal parton-parton intesactiwith interesting tests of
the SM and searches for beyond SM.
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CMS Experiment at LHC, CERN e
Data recorded: Sun Oct 17 09:22:33 2010 CEST
Run/Event: 148032 / 136797454 e i

Lumi section: 191 o

Figure 1.5:Eventdisplay of an inclusive dimuon events. The event contains 4 grivedices,
172 tracks and 9 jets.
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1.4 First SUSY constraints from LHC

The first limits on supersymmetry have been published récbpthe cms collabora-
tion. As probing a specific region of the MSSM phase-spacellystequests to look at
a particular final state, the observed limits are compute@dch of SUSY signature
independently. The observed 95% C.L. limit for SUSY seasdhethe (mg, m4 /2)
plane of the MSSM is shown in Figure 1.6. With the fis§tpb~! of data recorded in

CMS preliminary L _ =36 pb'Ns=7TeV

S 400F ! T ——
% -3 e ] coF 7 ans-5,uc0 ]
w
~ 350 -T: DO g, g, tanB=3, u<0
I
= E Razor [ wer2x

.............. . [ Jiere 7

3001
C tanp=10,A =0,u>0

Jets+MHT

Figure 1.6:Observed 95% confidence level limits in the MSSh§, m1,» parameter plane
for different signature searches.

2010 ,cMs put stronger exclusion limits than ieeP andTEVATRON. In particular, the
absence of excess of signal in the search of ’jets plus ngssiergy’-type of events
[17] set the best limits and especially excludes the lowsiiad 1 benchmark point.
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Chapter 2

Photon interactions at the LHC

“And God said, 'Let there be light’, and there was
light. God saw that the light was good ”

The Creation, Genesis

Photons interactions have been studied mainieaA to test the hadronic structure of
the proton. However, similar phenomena have been seexvarron [19,20] and at
theLHc [7]. In this spirit, theLHC may be considered as a 'parasitic’ photon collider,
aiming to study photon-photon, photon-quark and photamglinteractions. This
chapter, devoted to photon interaction properties, isdddiin three sections. First,
the phenomenology related to the different interactioresyis explained in Section
[2.1, followed by the introduction of a convenient mathewatiramework design to
describe these interactions at high energy: the Equiv&laoton Approximation in
Section 2.2. An alternative method using the full Matrix falnt computation is
explained in Sectionh 2.3. At the end of the chapter, a smati@eis devoted to the
experimental properties of other exclusive processes.

2.1 Photon interactions at high energies

The~-exchange in a collider experiment is characterized bkiagiexperimental sig-

natures. Indeed, as colorless object is emitted from theopydarge rapidity regions

of the detector are devoted of any hadronic activity betwbercentral state and the
outgoing protons, and one usually refers to itagidity gaps The experimental as-
pects related to the selection of exclusive events areledted in Chapters.

21



22 Chapter 2. Photon interactions at the LHC

Moreover in case of elastic photon exchange, the incomintpprsurvives, is scat-
tered at almost zero-degree angle and escapes undeteotedthé beamline. Far
from the interaction point (IP), some dedicated very fovstations may detect this
proton, tag the photon-exchange and reconstruct theigerserStudies on the instal-
lation of such forward stations att0 m and420 m of the IP within theHPs project
are discussed in Chapter 4.

2.1.1 Two-photon interaction

Photon-photon fusion is the class of interactions wheregisare emitted from both
sides. As shown in Figure 2.1, each of the two incoming p®mits a virtual pho-
ton. These photons fuse to give a syst&nof particles which is centrally produced.
The proton either survives and is scattered at small angtase of elastic emission,
either dissociates to a hadronic state in case of inelastission (Figure 2.4).

Among the photon-interactions processes, it is withoubtltie most promising class
of events, in particular because the same physics asdn collisions at the.EP can
be studied, but this time probed with energies above thérelgeak scale. Moreover,

Figure 2.1:Feynman diagram for the exclusive two-photon elastic produgtigny) — pXp

as there is any color flow on any sides of the interaction, ilvoton induced processes
lead to the cleanest final states ever: only the result of imtoms fusionX is pro-
duced out of the collision, in association with the two caltyrundetected scattered
protons.

The most interesting processes to be studied are the paugions of non-strongly

interacting particles, as the diffractive background eamnation is small and the
background from purely—hadronic interactions is easilgpsassed based on low-
multiplicity of tracks and/or rapidity gap requirement. dddition, if the entire event

is reconstructed, transverse momentum will also providgelaejection power.
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Some examples of reachable final states+rfusion and their physics potential are:

the direct pair production of 'new-physics’ massive paescast!” generation,
SUSY [8, 21, 22], Extra-Dimension [23, 24]. An exploratotydy of two-
photon production of supersymmetric pairs is presentechiaptzr 8,

search for Dirac monopole [25],

exclusive SM Higgs production, in case of hifhy~ coupling, or charged Hig-
gses [26],

search for new massive gauge bosons with the anomaloue (tyigartic) gauge
couplings [27, 28, 29],

search for unparticle physics interaction with SM [30],

pair production of leptons for luminosity normalizatiortla¢LHC [31, 32], with
first measurements atvs discussed in Chapter 7,

pair production of leptons for HPS tracking stations aligmt3].

2.1.2 Photo-production

Photo-production refers to the class of processes wherphbtn interacts with a
gluon or a quark (referred as the partgnfrom the other proton, as represented in
Figure[ 2.2. It results in final states less clean than thegohphoton processes as
one side of the hemisphere involve a proton breaking, butexpects larger cross-
sections and larger c.m.s. energies. As cross-sectionlatms are partially based on
PDF, predictions are in general more uncertain. Physiapied of photo-production
includes [1, 33, 34]:

measurements of the top quark mass and charge,
constraint of thé/;;, CKM matrix element with associalé’t production,
observation of the SM Higgs, with associ&té in case of fermiophobic Higgs

search for FCNC with the anomalous production of single-top
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Figure 2.2:Left: Feynman diagram for the photo-productignvyp) — pX N'. Right: Feyn-
man diagram for the diffractive photo-productipp(vP) — pXp.

2.1.3 Diffractive photo-production

Diffractive photo-production is a sub-classgf interactions where the photon inter-
acts with a QCD color-singlet state. The process can berfaetbin three ste@sas
shown of Figuré 2.2, right : (a) the photon fluctuates intg @air; (b) the pair inter-
acts , at leading order in perturbative QCD, with a two-glstate — called pomer@n
(P) — emitted from the proton which remains intact; (c) finateta formed from the
pair. Only states with the same quantum numbers than theplain be produced:
P, w, ¢, ¥, J/¢, T andZ boson. Unfortunately, the relative low-mass quarkonium
resonances likd/ ¥ are decaying, when they are produced at lowas in diffractive
photo-production, to final states which are at the limit & tietection criteria for the
currentLHC experiments (smapr, largen), except if special triggers are dedicated
to these signals.

Since the photon emission is relatively well known, theselldf interactions may be
interesting to probe the pomeron flux from the other protom st the QCD satu-
ration effects resulting from non-linear gluon dynamics,[36]. Indeed, the cross-
section is proportional to the square of the gluon densithéproton, which is sup-
pose to be higher at low: As a consequence, production rates are predicted to rise
as a function ofi¥’, the photon-proton c.m.s. energy, and is expressed asiW?.
Various measurementsaERA as well as fit to extract th&values are summarized in
Figurel 2.3[37]. The detection of exclusiW&(Section 6.5) and /¥ (Section 6.6) at

the LHC will therefore extend the cross-section measurementgaehienergies that

1This picture is however only valid in the reference frame efioton which have emitted the photon,
i.e. in a reference frame where the photon moves very fast.

2The state is called pomeron in honor of the Russian physicistaPanchuck who studied the behavior
of vacuum state exchange and postulated the existence of eeggeon.
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Figure 2.3: Diffractive vector meson photo-production measurementse®A. The W,
dependence of the cross-section is parameteriz&d‘aswith § extracted from fit [37].

what was probed iap collisions.

All the physics information is contained in theariable which is the four-momentum
squared of the proton which does not emit the photon and Etsento correlations
between gluon pairs within the proton. This is related tosjgs quantities ag =
4(a(t) — 1) with « the exchanged pomeron trajectory. Althougiuantity cannot be
probed directly iy interactions at theHc, a good approximation is the. of the
reconstructed vector meson.

2.2 The Equivalent Photon Approximation

Based on an original idea of Fermi [38] who pointed out thatfibld of a fast charged
particle is similar to an electromagnetic radiation whieln be interpreted as a flux of
photons, Weizacker [39] and Williams [40] independently proposed theddtiction
of an equivalent real photon spectrum to compute the crestsess for the interaction
of particles in relativistic motion.

In their article of 1975 untitledThe two-photon particle production mechanism’
Budnev and collaborators proposed an extension of theaalets-Williams method
including the treatment of photon virtualities [41]. The-caled Equivalent Pho-
ton Approximation (EPA) is an approximative method to cotepeross-section of
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electromagnetic processes by considering them as in@maaif fluxes of equivalent
photons. In the EPA, the scattering amplitude factorizes asparate the photon ex-
changes (process-independent) from the photons intena@focess-dependent) with
the introduction of the equivalent photon spectraiv, :

dOpp(yy)—=pXp = Tyy—X @ ANy, @ AN, (2.1)

This approximation consists to consider the photon as mehMathout polarization,
which is valid only in case of low-virtuality photon exchagAs a consequence,
the EPA can only be applied in situations where the crosgeseis not sensitive to
the virtuality of the photon, i.e. not for too low mass systéfn Moreover, this
corresponds only to the region of small proton scatterirgjesm One example of the
"inapplicability” of the method is for the cross-sectiontbe two-photon production

of lepton pairspp(yy) — p¢t¢~p. One has then to use the exact matrix element
solution computed with dedicated numerical methods asaegd in Section 2.3.

After defining the following quantities related to the kinatias of the photon-induced
process:

e pt the colliding proton momenta,

e p'H the scattered proton momenta,

e ¢" = pM — p'* the virtual photon momenta,

o Q*=—(p" —p"™)(p, — p,) the momentum transfer,

e z = E,/E, the photon/proton energy fraction,

one can write the spectrudiv,, [41,/42, 43]:

_ad@Q? dx min 2 a? 2
dN = T 0% o [(1 — ) <1 - ?FE(Q ) )+ ?FM(Q ) (2.2)
whereFr and F; functions are the electric and magnetic form factors of tioeimn-
ing particles.

The number of equivalent photons (or the photon spectrumgl@ulated by integra-
tion over the whole virtuality range:

(z,Q*)dQ’ (2.3)

AN Qnaz 2N
f@) = @) = /

T dw Q2 dQ*dx

and is shown at Figure 2.5 for elastic and inelastic contiding.
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Elastic photon exchange flux

In the literature, a photon exchange for which the protonaiemintact is called
elastic production. In that case, in the equation of the spectru),(2he Fr and
Fy functions take the values:

4m3G% + Q*G3
p

Fu(Q®) = Gy (2.4)

using the convenient dipole approximation for the protamféactor

o\ —2
Ge(@*) = (1+g(2)>

o\ —2
Gn(@) = m(1+ ) (25)

with i, = G (0) = 2.79 andQ? = 0.71 GeV- the dipole form factor [41].
The fluxdN/dz is found usingl(2.3) with:

2
2 e mi 2 _9Ge\? (2.6)
xr

min 1— max

The upper term is motivated by strongexchange suppression due to the presence
of electromagnetic form factor and to the finite spatial geadistribution of the pro-
ton [41], while the minimal value is a kinematical limit. Thal computation [41] is
shown in Figuré 2)5. One can notice that the spectrum is gltyqreaked for lows
values which means that the flux will be mostly composed ofémergetic equivalent
photons. As the flux drops with virtuality as 1/Q?, for low-z the virtualities are in
general small{Q?) ~ 0.01 GeV2. As a consequence, the low-virtuality approxima-
tion made in EPA is valid in most of the cases. From the kinenpatint of view, that
implies very small proton scattering angles20urad [42].



28 Chapter 2. Photon interactions at the LHC

Inelastic photon exchange flux

Within some conditions, the proton dissociates due to thegrhexchange into a
hadronic systenV with low-massmy:

my = p''p), (2.7)

as schematically represented in Figure 2.4. In the liteeathese kind of processes are
calledinelastic productions. We usually call semi-elastic production,tthe-photon
interaction where one of the proton survives and the other lmeaks. Similarly,
fully-inelastic production refers to processes where hwttons dissociate. ThEg

N

Figure 2.4:Feynman diagram for inelastic productipp(yy) — pX N

andF functions are integrated functions of the proton structunetion F, (2, Q?)
[42]:

FE(Qz) _ /FZ(Ib,QQ)dl‘b

Tp

Fau(Q®) = /deb 2.8)

b

with the Bjorgenz;, ~ @Q%/(m% + Q?). This is equivalent to perform integral over
the photon virtualities and oven.y from m, to m’}** which is taken ag0 GeV

in the next computations. ThE, values can be extracted experimentally from the
cross-section measurementydf interactions [44].

The fluxdN/dz is found usingl(2.3) with:

2 am? T 2 _ 300 Ge\ (2.9)

mwn 1 — max

and is shown at Figure 2.5.
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Inelastic flux, Q ?< 300 GeV?, m, <20 GeV
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Figure 2.5:Number of equivalent photons in case of elastic (plain) and inelastib gaston
exchange, as a function of= E.,,/E,. Horizontal and vertical axis are log-scaled.

Photon luminosity

In the EPA, electromagnetic interactions between chargéddams are seen as interac-
tions of photons. From this point of view, theic can thus be considered as a photon
collider and the relative photon luminosity, i.e. the fiantof the luminosity which
involves photon interactions to the nominal luminosityn dee computed within the
same framework using th@2-integrated luminosity spectrurfy, (2.3).

In case of two-photon interaction, the luminosity spectduyn includes the integrated
flux of each photon and is defined as:

AL~ ' W"?v da
= 2 — ] — 2.10
el MPELORCES ( o) & (210
with
Wy, = 2+E,E,, the photon-photon c.m.s. energy (2.11)
s = 4FE? the proton-proton c.m.s. energy (2.12)

The relative luminosity spectrung%/: is shown at Figuré 2.6 for elastic-elastic,
elastic-inelastic and inelastic-inelastic processeso fwoming proton energies are
taken into consideration3.5 TeV and7 TeV. Again, one should note that since the
spectrumd V., is peaked for low-energy photons, the averagec.m.s. energies are
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relatively small compared to what is accessible in nomiaalgn-parton interactions,
but extend tal TeV and even beyond.

The two-photon luminosity is then found by integrating tlygiation [(2.10) over the
vy c.m.s. energy. The spectrum is also shown in Figure 2.6 ascidn of the
minimum-~-y energyW, to compute the integral,e. ;,‘; j‘fvﬁdww.

One finds that, fol, = 10 GeV, the elastic-elastic integrated luminosity reaches
1.67% (1.08%) for/s = 14 TeV (7 TeV), and the total available luminosity includ-
ing inelastic photon-exchanges is 3.1% (2.2%). Althoughreilative luminosity is
strongly peaked for lowd’, ., values, the fraction of the totap luminosity available
for elastic two-photon interactions is still 0.1% fdr, = 226 GeV (114 GeV). Tak-
ing into account the nominalHc luminosity of 1034cm =251, this leads to large
production rate despite the relative low cross-sections.

Cross-sections
For cases where the EPA is satisfied, the proton-proton-sexgton can be written

as the convolution of the probability of the proton to emitten with the photon-
photon(parton) cross-section:

AOpp(yy)—pxp = Oyy—x (Woy) dN (21, Q?) dN (22, Qg)
dopp(vp)—px N’ = Oypox (Wop) dN(, QQ) (2.13)

Using the equivalent luminosity spectrum defined in (2.1Qurns to:

v AL
Tpp(ry)—pXxp(5) = . Wy 8) Oyymx (Way) AWy
Wo Y
1
Tpp(rp)—px N (5) = / (@) oypx (@,5) do (2.14)

It depends only on the energy of the incoming proton (whichdifiyothe flux), the
charge of the produced particles, the mass and the spin,omssh Figurd 2.7 on
which is displayed the elastic-elastic cross-section flel@nt mass and spin state
pairs. As any parton density function of the proton has to deoanted, it makes
the two-photon interactions extremely well-known proesssTaking into account
inelastic photon-fluxes, for which uncertainties remangéaand without possibility
of forward double-tag, the total cross-section is roughfaaor 3.5 higher than the
elastic-elastic value.
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Figure 2.7:Proton-proton doubly-elastic cross-section for the two-photon ptamuof scalar
(spin0), fermion (spinl/2) and vector (spirl) pairs as a function of the particle mass, using
the EPA coded into CalcHEP.

Survival probability

On top of the Equivalent Photon Approximation, we have tcetakcount of the
hadronic structure of the proton and add the rescatteriiegtef.e. secondary strong
interactions between spectator partons. This rescagtelgcause it happens simul-
taneously to the photons fusion, has an impact on the expatahsignatures with
gap requirement. Indeed, color exchange will force thegoréd hadronize and then
produce multiple secondary soft particles which will filethapidity gap, similarly to
what happens in an inelastic photon exchange. For instait¢be TEVATRON, the
rate of exclusive dijet events was measured to be lower bgtarfa0% compared to
the predicted value [45].

In order to take this effect into account, thervival probabilityS? has been introduced
in the literature as a correction factor to the theoreticaks-section. The factd§?
has not a unique value but depends on the kinematical coafigns of the incoming
hadron, the final states interactions and the impact pasarast

1

Va2

S2 ~ d ~
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which means that for low impact parametiethe interactions stands inside the strong
interaction radius and the protons can "feel” each othewliley to a small value of
the survival probability. As the averagg’ increase with the energy, we expect lower
survival for higher c.m.s. energies.

Two-photon interactions, since they are characterizeaigelimpact parameters, are
in general not much affected by the rescattering and thevaliprobability is around
one. On the contrary, for interactions between photon aagkgor photon and gluon,
the probability that the survival proton interacts strgngith the other one is higher.
In general, one also h&& (yy) > S?(yP) > S?(PP). Various theoretical predictions
exist in the literature, with different models, inputs orthreals of computation. With-
out being exhaustive, here are a few examples of compusatiwrdifferent exclusive
processes:

e The rescattering correction for the two-photon producttbmuon pairs was
calculated in [31] for muon pairs produced\@k = 14 TeV, with an invariant
massm,,,, = 20 GeV and at zero-rapidity. The correction is function of the
of the pair and give$ — S? < 10~ for pr = 10 MeV andl — S? < 6 x 10~*
for pr = 30 MeV.

¢ Similar calculations for they — H process predicts? = 90% for a Higgs
mass of 120 GeV a}/s = 14 TeV in [46].

e IntheW production via photon-exchange — W + X, the rescattering sup-
presses the cross section by a factor of about #fae 0.1 GeV? [47].

o Finally, the Higgs production through central exclusiveqess (see Section 2.4)
is even more subject to rescattering effect. Using two jpbessalues of the pro-
tonb-slope, one gets a survival factor in the raag€s —4.5% for a Higgs mass
of 120 GeV [48, 49].

Rescattering can also appear in inelastic cases, but h#feenif meaning. The pro-
ton has already dissociated, so the secondary interadiapizen between secondary
particles of the proton remnant. These kind of interactiaresnot well known and
thus contribute a lot to the uncertainties for the inelgstacesses cross-sections.
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2.3 The LPAIR generator

As already quoted, the EPA can only be used under some spemifititions, includ-

ing the fact that the cross-section is insensitive to theigrhweirtualities. Therefore,
this approximation is not valid for two-photon productiofilow-massX system,

for instance theyy — ¢T¢~ process. In that case, the only alternative to compute
cross-sections and kinematics is to use the full matrix el@nfME) computation.
TheLPAIR generator [50] is a stable computer program devoted to thalation of
electro-magnetic production of lepton pairs in leptontdey lepton-hadron or hadron-
hadron interactions through two-photon interactions.

The Monte-Carlo event generation is based on a stable farfbd] adapted to take
into account the specificities of the two-photon interatdioOn the one hand, as there
are two photons in thechannel, most of the cross-section is found to come from the
very small|t| values of the protons, i.er ~ ¢, 't,'. Severe problems appear then
when one tries to integrate it numerically (especially aednation over an experi-
mental acceptance only), except if the integral over thesgispace is reformulated.
On the other hand, the evaluation of the ME itself for suctcesses in a standard
"Feynman rules” fashion would lead to bad cancellationsvben various terms.

The philosophy of LPAIR is therefore to consider kinemdtjcthe two-photon inter-
actions as & — 3 process like in Figure 2.8. All they physics kinematical prop-

Figure 2.8:Kinematics of they process as it is considered in the LPAIR program.

erties can be found in this system, independently of thégbartontent of the three
final systemsyy, Y and X. Once the amplitude for the sub-reactipn — u™p~

has been written in a gauge-invariant way and the ME evaldatethis sub-reaction,
the result is multiplied by a structure function of the protvailable. For the elas-
tic signal, in which protons behave like point-like partis] one needs to multiply by
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the electromagnetic dipole form factor [52], to take inte@mt the finite size of the
proton.

In order to simulate the fragmentation step in case of itielahoton exchange, the
Lund shower Monte-Carlo [53] implemented in the JetSeweait [54] is used, with
two different structure functions on choice. Fary < 2 GeV and@? < 5 GeV?,

the Brassedluster’ fragmentation is chosen [55] while for the other cases thg-S
Yenni 'string’ fragmentation is applied [56]. In the first case, the lowssiaysteniv
mostly decays to & " or AT* resonance, which results in a low multiplicity states.
On the contrary, in the second one, the high-mass systentiydaeays to a variety of
resonancesX, p, w, 1, K) which produce a large number of forward protons, pions,
neutrons and photons. The pseudo-raptdifyectrum of the beam remnant particles
is shown in Figure 2.9.
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Figure 2.9: Pseudo-rapidity+) distribution particles produced in the proton fragmentation
after inelastic photon emission. The events are simulated with LPAIR ineztfaith JetSet
andE, = 3.5TeV,1.07 < my < 320 GeV.

The kinematical distribution of the particles in the prot@mnant —and hence its
visibility by central detectors— as function of the genedatmassn of the proton
remnant has been checked in Figure 2.10 using LPAIR + Jet®etleft side shows
the most central particle pseudo-rapidity,(,,) chosen among all particles simulated
in the remnant, while the right side is for all particles wiEh> 5 GeV.

One can notice that for the large majoritydxis is log scaled) of the events generated,
the remnant mass is smaller th2h GeV and is usually not visible bgms central

Spseudo-rapidity is defined ih (3.4).
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Figure 2.10: Contour plots of the most central particle pseudo-rapidity as functioneof th
proton fragmentation mass . The events are simulated with LPAIR interfaced with JetSet

andE, = 3.5 TeV,1.07 < my < 320 GeV.
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Figure 2.11: Fraction of events for which the most central particle of the remnant, ,
computed with 2 different energy thresholds, falls into the certxes acceptance. The events
are simulated with LPAIR interfaced with JetSet afig= 3.5 TeV, 1.07 < my < 320 GeV.

detectors ag,,;, > 5 on average. For large:, the number of produced forward
objects increases and thus the probability to have parteofamnant produced within
the acceptance afms. This detection efficiency afms to the proton remnant from
inelastic photon exchange is demonstrated in Figure 2.1dhghows the fraction of
events for which the most central particle with energy lathan 5 GeV (10 GeV) is
in the acceptance of central detectpys< 5. One can notice a turn-on curve of the
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probability betweenny ~ 5 GeV (f = 0%) andmy ~ 40 GeV (f = 100%). That
result is hence directly usable to justify they < 20 GeV cut that was set earlier to
compute the inelastic photon flux as it turned to be very faaeguch high masses are
produced. In addition, in such cases, most of events woulttbempanied by visible
remnant.

2.4 Central exclusive production as a background

As already introduced before, photon interactions at hadodlider lead to unusual,
striking experimental signature: a central syst&mforward region devoted of any
activity and presence of undetected scattered protonsetAmwbackground processes
resulting in the same topological final states have to beidered.

Indeed, exclusive states may also occur from central eixelygoduction (CEP) in
which one gluon from each proton fuse to produce the centsaém.X . In addition, a
second color-screening gluon is passed between the ititergrotons which allows
them to remain intact, as seen for instance in Figure/2.12 nigjor experimental
difference with respect to two-photon processes is thestenise momentum of the
scattered proton which is, on average, larger in diffr&gpixocesses than irinduced
ones.

Figure 2.12:Feynman diagram for the exclusive central productip(C EP) — pXp.
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Chapter 3

The Compact Muon Solenoid
experiment at the LHC

“There are three principal means of acquiring
knowledge. . observation of nature, reflection, and
experimentation. Observation collects facts; reflec-
tion combines them; experimentation verifies the re-
sult of that combination.”

Denis Diderot (1713 - 1784)

The cMs experiment is a general multi-purpose detector, with actire in layers
designed to enclose at maximum the collisions happeninigeatenter of the detec-
tor. Following the general layout of a modern collider-phgsexperiment, thems
detector consists of a series of sub-detector with spedifis:aa tracker to reconstruct
the kinematics of charged particles, an electromagnetichaaronic calorimeters to
measure the energy of e* and hadrons, plus some additional muon chambers for
the measurements pft. All sub-detectors are immersed in a high magnetic field to
ensure precise momenta measurements.

The chapter is divided in 6 main sections: an introductiotihéa. Hc accelerator char-
acteristics for physics (3.1), an overview of thes detector and its purpose (3.2), a
detailed description of the central (3.3) and forward (3uh)-detectors, the principles
of event reconstruction (3.5) and a highlight on the relewagger properties for the
following analyzes (3.6).

41
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3.1 The Large Hadron Collider

The number of interactions per collision occurring at theriaction point otmMs (1P5)
is function of theLHC beam configuration only and follows a Poisson distributidttw
a central value of

L

Np frev

= Oinel X (3.1)
where:

e 0,,¢ IS the total inelastic cross-section,

e 1, is the number of colliding bunch pairs in the LHC ring,

e [y is the revolution frequency;.., = /3564,

e f is the collision frequency, i.el0 MHz,

¢ L is the instantaneous luminosity which is given by:

_ Vb f’r‘ev ng

L=—105 (3.2)

with IV, the population of protons per bunatthe transverse beam emittangé,the
betatron function at the m?The geometric luminosity reduction factS8rdepends on
the bunch lengthd.), the transverse beam size,(= o,) and the crossing anglex)
via:

Sl = \/1 + (Z)2 tg2 (%) (3.3)

The design luminosity value will readi)?* cm~2s~!, which leads to almost billion
proton-proton collisions per second.

The factorn,;, /3564 derives from the fact that only, of the3564 bunches in the train
will be filled with protons while injecting in theHc. This beam structure is deter-
mined by the injection scheme and the beam dump kicker rise ¢if thePs, spsand
LHC and allow for maximum,, = 2808.

The main bunch configurations, in addition to the luminosgtyorded bycms during
these fills are displayed at Table 3.1 and plotted in Figute 3.

1These quantities are related to physical ones withr,, = ¢ 5*
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Start | Duration | n, | N,(x10'!) 1/f Slprad] | L [nb~!]
25 May 10h 8 3 single 0 5
02 Jul. 37h 4 6—8 single 0 46
15 Jul. 38h 8 11 — 12 single 100 114
06 Aug. 93h 16 21 — 24 multi 100 626
19 Aug. 17h 16 42 multi 100 227
22 Aug. 16h 36 45 1250ns 100 362
24 Aug. 14h 35 44 1000ns 100 328
28 Aug. 14h 1 51 single 100 313
29 Aug. 11h 35 53 1000ns 100 304
22 Sep. 14h 1 25 — 30 single 100 143
23 Sep. 16h 47 57 — 60 150ns 100 743
25 Sep. 38h 93 | 100 — 114 | 150ms 100 1964
30 Sep. 25h 140 | 156 — 181 | 150mns 100 2081
04 Oct. 20h 186 | 194 — 223 | 150ns 100 2825
08 Oct. 25h 233 | 264 — 278 | 150ns 100 5974
16 Oct. 12h 295 | 300 — 380 | 150ns 100 2812
24 QOct. 11h 295 | 380 — 405 | 150ns 170 2686
25 Oct. 42h 348 | 430 — 465 | 150ms 100 20984

Table 3.1: Main LHC bunch configurations for 2010 rurDuration is the cumulative time
of life for all fills with the same bunch scheme. The number of protonsbpech N, may
have varied for differentHc fills with the same bunch configuratio. is the rounded total
integrated luminosity recorded by tle1s detector, taking into account efficiency. In total, this
corresponds to roughly 48~ from which 4@b~' have been declared as valid for 'Muon’
physics analysis (tracking and muon system flagged as good).

3.2 CMS detector overview

The central feature ofms is a super-conducting solenoid magnet (3.8 T), of 6 m
internal diameter and 13 m long, providing a large bendinggrdor an efficient mo-
mentum measurement of high-energy charged particleselretirn field outside the
magnet, 4 muon stations are embedded within the iron retoke which is used as

a hadron-absorber. Each station is composed of severaklajgaseous detectors:
technology of drift tubes is used in the barrel, and cathade shambers in the end-
caps; all complemented by resistive plate chambers.

Within the field volume is the silicon pixel and strip trackdre crystal electromag-
netic calorimeter, and the brass-scintillator hadronilorameter. Finally,cMs has
also extensive forward calorimetry. All these sub-detectye described in the next
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Figure 3.1:Total integrated luminosity delivered to, and recordedms during stable beam
aty/s =7 TeV.

sections, emphasizing the one particularly used in theyaesl

A 3D-view of the main sub-detectors and their locations is digpdl in Figuré 3.2.
The longitudinal and transverse views, with technical thegare shown in Figure

3.3.
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Figure 3.2:cms detecto3 D view
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The design of the detector has been chosen to fulfill the pgoas of the LHC
programs:

for the search of the Standard Model Higgs boson in the range < my <
600 GeV , one needs a good muon identification, momentum reealytius a
good dimuon mass resolution for the — ZZ — p™p~p*u~ process;

within the rangell4 GeV < myg < 2myg, the two-photon decay mode of
the Higgs requests good electromagnetic energy reso|utienem granular-
ity, good diphoton mass resolution, wide geometric coverad rejection, and
efficient photon and lepton isolation;

for masses abova)0 GeV where théV W andZ Z fusion mechanism becomes
important, the tagging of resulting high-energy jets in thevard region re-
quests hadron calorimeters with a large hermetic covenadevith fine lateral
segmentation;

the physics beyond the Standard model in general , and superstry in par-
ticular, predicts signatures with significant missing gyexrhich demand good
missing transverse energy resolution;

the cascade decays of supersymmetric particles result abandance ob-
jets andr-jets, demanding an efficient triggering and offline taggifighese
particular jets with tracking detectors close to the int&oa region;

the search of new massive vector bosongas- /¢~ needs also good lepton
momentum resolution and ability to determine unambigupotis charge up to
E ~1TeV.

Along the next lines, the pseudo-rapiditys used instead of the polar angle

n=—lIln (tgg) (3.4)

and varies frond (# = 90°) to infinity (6 = 0°). The jargon usually refers to low-
region as theentral region, while larges ones are calledorward regions.
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Figure 3.3:Two-dimensional views of thems detector. Top: Longitudinal view of a quarter
of detector with metric and rapidity coordinates (the muon station ME42 is rgigsinthe
drawing). Right: Transversal view,= —2, —1, 0, 1, 2 depending on the wheel concerned. All
dimensions are indicated for magnetic field off.
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3.3 Central sub-detectors

The central region oEms is composed of tracking and calorimeter detectors which
cover roughly the region betweer2.5 < n < 2.5 and-3 < n < 3 respectively
(see Figuré 3/3). The arrangement, aiming to enclose atrmamithe interaction
point of the collisions, implies a different orientationtbe detectors with respect to
the beamline based on their position. As the modules aregliéike on a cylindrical
surface, one refers to the "barrel” region when they arentei@ parallel to the beam
and to the "endcap” regions for locations with detectors@tbperpendicular to beam.

Pixel and Strip detectors

The tracker ofcMs, the closest sub-detector to the interaction point, aintéanea-

surements of charged particles originating from the doltis and propagating to the
outer in an homogeneous magnetic fieldB3df Tesla. In addition, informations col-
lected with several close tracks is used to reconstructgsirand secondary vertices

(see 3.5.2).

Full silicon technology is used for the sensitive moduleridaw to fulfill the require-
ments to have high-granularity and fast response, whildifigithe amount of ma-
terial to avoid as much as possible multiple scatteringmisetrahlung; conversion
and nuclear interactions. Furthermore, silicon is suppés®e radiation-hard able to
survive the high rate density af MHz/mm? on the first layer located at a radius of
4 cm from thelp [2].

The tracker is constituted of 4 different sub-systems asesgmted in Figure 3.4:

o the pixel detectorfxL) made of 3 cylindric layers of cellsl(0 x 150 mm?)
at radii of 4.4, 7.3 and 10.2 cm in the barrel, complemented Hisks on each
endcap side. It delivers 3 high-precision space pointsebtyinning of the
trajectory.

e the Tracker Inner Barrelr{g) and Disks ¢1D) extend in radius up to 55 cm and
are composed of 4 barrel layers plus 3 disks of silicon s#igsers. It delivers
up to 4 measurements on the trajectory with a point resailigiween 23:m
and 35um.
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Figure 3.4:Schematic cross-section through the CMS tracker. Each line represeetsctor
module, double lines indicating back-to-back modules [2].

e the Tracker Outer BarrelrGB) with an outer radius of 116 cm consists in 6
layers of strips. It provides another 6 hit measurements 86t m and 53um
resolution.

e the Tracker EndcapsTEc) cover the region between 124 em|z| <282 cm
and consist in 9 disks with rings of silicon micro-strips.

Strips are put in parallel to the beam axis in the barrel adétan the endcaps. In
addition, the modules in the two first layers and ringsiaf, TID andToB, as well as
rings 1, 2 and 5 offECs carry a second strip module which is mounted with a stereo
angle of 100mrad to provide a measurement of theoordinate in the barrel and the

r coordinate in the disks. This layout ensures to particlestedwithin || < 2.4 to
have at least 9 hits in the silicon strip detector with attidasvo-dimensional mea-
surements.

The length and thickness of the strips vary with the distaiocthe IP in order to
keep the occupancy at an acceptable level. The total miabeidiget increases then
from 0.4X, atn = 0to 1.8 X, at|n| = 1.4, beyond which it falls to about X, at
In| = 2.5. Thecwms tracker surface covers 200° of active silicon area, with a total
of 9.3 millions strips and 66 millions of pixel cells.
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Electromagnetic calorimeter

The design of theecaL was drawn to increase the capability ©f1s to detect the

H — ~ process at theHC. The requirement is then to have a fast calorimeter, with
fine granularity and radiation-hard. To fulfill it, lead twsign PbW O,) crystals have
been used as there are dense matter, short radiation leXigth- (8.9 mm) and fast
enough to emit within the firs25 ns80% of the scintillation light generated by pas-
sage of electrons and photons through it.

The granularity of the barrels is 360-fold in ¢ and2 x 85-fold in 7. A total of61'200
crystals, with truncated pyramidal shape are mounted withangle with respect to
the IP projection in order to avoid cracks aligned with the paeitijectories. The
total length is aroun@5.8 X,. Crystals are contained in alveolar structures called
sub-modules, grouped into modules46f)-500 crystals depending on thgposition.

A pair of avalanche photo-diode is then mounted on eachalryshich are grouped

5 x 5 in the readout system.

TheEE calorimeters, covering the regidm79 < |n| < 3.0, are made 0f324 crystals
with off-pointing angles ranging fror° to 8° for a total length o24.7 X,. Endcap
crystals are grouped i x 5 crystal structures called super-crystals.

Front of theek crystals, the preshower detector has been installed aitoiigntify
neutral pions and single high-energy photon withiéb < |n| < 2.6. It is a sampling
calorimeter made of lead radiators to initiate the elecagnetic shower frona= /v
particles, and silicon strip sensors to measure the eneyggsit. Total thickness of
the calorimeter i2 X, before the first sensor plane aBd, before the second one,
such tha®5% of photons will start showering before the second senserlay
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Hadronic calorimeter

The hadronic calorimeter is composed of four separate stdztbrs: barrelHB),
endcap HE), outer Ho) and forward @F). The later one is described separately in
the Forward sectidn 3.4. The barrel one is a cylindric caleter placed between the
outer extend of thes (R=1.77 m) and the inner extend of the magnet (R m) and
divided into two half sections in. Each half consists it identical azimuthal wedges
made of a front§0.5 mm) and back {5 mm) steel plates arount! brass absorber
plates § of 50.5 mm and6 of 56.5 mm) aligned parallel to the beam axis. The total
HB-thickness increases with as 1/sin(#), starting with5.82 hadronic interaction
length ;) atn = 0 up t010.6 A; at|n| = 1.3. The crystals fronecAL in front of

HB bring anothen.1 A;.

Plastic scintillators are build out of tiles coupled to wiavgth shifting (WLS) fibers

to bring out the light. To avoid reading tf@ 000 tiles composing theicAL of cms,
tiles of the same layer are put together into the single scintillator traytuhight of
each unit is collected by @94 mm-diameter WLS fiber placed in a machined groove
into the scintillator. After exiting the scintillators, WLftbers are spliced to clear
fibers, which are finally connected to photo-diodes. Eachg@esithen segmented in
4 ¢ sectors, and the plastic plates divided &) towers.

TheHE calorimeter covers the pseudo-rapidity regiod < || < 3.3. The operation
and design are very similar tes, with the purpose to minimize cracks wits, rather
than to have a good single particle response. The absoneemmiied brass plates of
79 mm-thickness for a total length @f) A;. HE tower granularity is similar teis for
|n| < 1.6 and increases tQAn x A¢) = 0.17 x 0.17 after|n| = 1.6. In addition,
some regions ofiE are also segmented longitudinally: towefs — 29 close to the
beamline hav@ divisions in depth that are readout separately, while tew&r— 26
have2 longitudinal readouts.

Finally, theHo is placed outside the solenoid to complement the contaihofethe
hadrons showers within the central regiofo uses magnet coil as an extra absorber
to extend the equivalent depth to a minimum ®f8 ;. Itis then used to identify late
starting showers and to measure the shower energy depesitiaf TheHO consists

of one or two (in the very-central part) layers of scintitlet tiles located in front of
the first layer of the barrel muon detector. Scintillatioghli is collected by WLS
fibers to photo-detectors located on the structure of themetoke. Each optically
independent tiles formed of 4 WLS is then mapped to a toweirsah the readout.
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Muon chambers

The muon system is composed of 1'400 chambers forming 4 dagkeconcentric
cylinders, called "station”, and inserted among the laydrthe magnetic flux return
plates, in both barrel and endcap regions. Three diffeneniskof detectors are used,
all working with gaseous technologye. collection of charges from the gas ionization
produced by the passage of charged particles through it.

In the barrel [| < 1.2), because of low muon rate and uniform magnetic field, the
muon system uses Drift TubesT). The DT system is composed of 4 layers (la-
belledmB1 to MB4 in Figure 3.8) of 60 drift chambers, for a total of approxiively
172’000 tubes, each containing a stretched wire in a voluhga®. The drift time of
the electrons produced out of the ionization and the pasitfcthe wire hits provide

a timing plus2 D-coordinate measurements. The stations have 8 chambérsvirgts
parallel to the beam and provide a track measurement in the) coordinates. In
addition, the 3 first stations have also 4 chambers with vard®gonal and therefore
measuring the position along the beamline.

In the endcap region®$@ < |n| < 2.1) where the muon rate is high and the mag-
netic field uneven, the Cathode Strip Chambeisdj are used. It consists of arrays of
positively-charged anode wires perpendicularly crossighl megatively-charged cop-
per cathode strips within a gas volume. Each side contaitatibiss with chambers
perpendicular to the beam, in which strips provide a measen¢ inr — ¢, n and
timing information.

A complementary system, the Resistive Plate Chamlrarss|, is installed in both
the endcap and barrel regionsg|(< 1.6) and provide a fast, independent and highly-
segmented trigger signal with good timing resolution buarser position resolution
than theDTs andcscs. A RPC consists of two parallel plates, a positively-charged
anode and a negatively-charged cathode, both made of a igrydsistivity plastic
material and separated by a gas volume. A total of 6 layersPas are embedded
in the barrel muon systen, in the first2 stations, and in the last2 stations. The
redundancy in the first stations allows the trigger algorithm to work even for Ipy-
tracks that may stop before reaching the odtsetations. In the endcap region, there
is a plane ofRPcCs in each of the firs8 stations in order for the trigger to use the
coincidences between stations.
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3.4 Forward sub-detectors

At the LHc, the region located dt)| > 3 is exposed to an extremely high flux of
energy carried by particles produced at small-angles dumrcollisions. The energy
flow was measured to be non-uniform with the rapidity, withkimaum energy deposit
at highest; as foreseen [57]. The design of the forward detectors hasftire been
driven by the need to survive at lealdi years within this harsh environment. As
a consequence, quartz has been chosen for the active rhatetti@ three current
forward sub-detector afms (HF,CASTORandzDC) because of its radiation hardness,
its fast signal response and its ability to build compaobiiaieters [58].

Hadronic Forward calorimeter

The twoHF calorimeters [59] are symmetrically locateddat1.2m from thelp cov-
ering the pseudo-rapidity regiop = [2.866; 5.205]. It consists in al30 cm-radius
165 cm-long cylinder, made of steel absorber (equivalerita ;) in which has been
drilled a grid of grooves parallel to the beamline and sepdrdy5 mm center-to-
center. In these grooves stand some quartz fibers altegriataeen long fibers (start-
ing at the front of the detector) and short ones (startir@am depth).

The arrangement allows to distinguish signals generatedldstrons and photons,
which deposit a large fraction of their energy in the f8tcm, from hadrons which
produce equal signals in both sections on average. Thelsignaists of Cerenkov
light generated by the passage of relativistic chargedghestthrough the quartz. Only
a small fraction of the light is collected and coupled by tighides to radiation-
shielded PMTs. The calorimeter of each side is segmentéd imedges 0f20° in

¢ and13 rings with almost similar coverage ifin ~ 0.175.

CASTOR

The casToRdetector [60, 61], which stands fo€entauro And Strange Object Re-
searcHi, is a sampling calorimeter with alternate plates of tuaggtl’) —as absorber—
and of fused silica quartz)) —as active medium—, for a total depthl®f3 \;. Plates
are tilted with a45° angle to maximize the collection of Cerenkov light. Locasd
14.38 m from the interaction point on one side ontyASTOR geometry is designed
to enable the observation of cascade development alongsage of the incoming
charged particles in the acceptance rarges < n < —5.1.

The calorimeter is segmented 16 symmetric sectors i around the pipe, ant4
sections inz: 2 for the EM part andl12 for the HAD one. There is no segmentation in
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7. Eachem part consists in a sandwich 6fiW and5 @ plates of5 mm and2 mm
respectively; while #iAD channel is composed 6fIW-Q plates ofl0 mm and4 mm.
Cerenkov lights produced in the824 channels are grouped peiV-Q plate pairs,
and then collected along the length and focused by air-agneduides onto PMTSs.

The addition of thecasToORdetector, which extends the full pseudo-rapidity coverage
of cMs to An ~ 11.5 instead ofl0 with HFs only, deserves many physics research
[62]. For instance, to compute MET as a signature for newipby# search for very
backward jet from Higgs production through vector bosoidinisby means of them
andHAD sections, to study the shower profile and to search for Cemtgpe events,
i.e. high-density showers produced by charged pions enterngtthosphere. Besides
these researches for new physics, ¢ TOR detector is also useful for QCD-type
of physics: study of multi-parton interactions and undedyevents, lows physics,
diffraction and quark-gluon plasma.

Zero Degree calorimeter

The zDc detectors [63] are, as fatAsSTOR sampling calorimeters made &f as
radiator and quartz fiberg)f) as active medium. Two identical calorimeters are lo-
cated at£140m of the interaction point, in the first neutral particle atb®y of the
LHC (TAN). The location has the advantage that charged particlesteen deflected
downstream by dipoles which aimed to separate incoming atwbming beams into
two pipes, such that zero-degree calorimeters are semsitily to photons and neu-
trons with|n| > 8.1.

Eachzbc has an electro-magnetic and a hadronic section®f\; in total. Theem

is composed of a sandwich 88 layers of i/ (2 mm width) and@QF (0.7 mm width)
oriented vertically and segmented in the transverse direat 5 readout towers. The
HAD section is composed by a sandwich2dflayers of W (15.5 mm width) and@QF
(0.7 mm width) tilted by45° and segmented longitudinally ihreadout towers. The
design also includes @ mm Cu plate front and back of each section. The fibers,
grouped in bundles, are directly connected to the PM&Enr while in HAD they are
coupled via air-core light guides.

Althoughzbc is mainly dedicated to heavy-ion runs, where it will be usetheasure
the reactions centrality by counting the number of spectagmtrons, some appli-
cations are already available iy mode. For instance, one can quote the tagging
of bremsstrahlung photons and neutrons from charge exehasagtion, but also to
select diffractive events and reject proton-dissocidtiaekground.
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Forward Shower Counters

In the late March 2011, thesc collaboration managed to install scintillator counters
close to the beam-pipe in the regiehm < |z| < 115 m aroundcms [64,/65]. These
counters, covering the pseudo-rapidity regior || < 11, may detect the showers
created by particles produced at small angles and intatpetith the pipe or the sur-
rounding material.

Scintillators, made fror5 x 25 cn? solid hard plastic with cm width and embedded
into fibers connected to photo-multipliers, have been glatspecific spots where the
elliptical beam is accessible. At= 59.1 m andz = 84.8 m, two beam scintillator
counters (one above, one below the beam-pipe) with hafitielil boundaries in or-
der to fit the pipe shape are installed. At.1 m, four of them are put around the
beamline, each with a corner cut out by a quarter of a circle.

The deployment of such detectors will be useful in 2011 runthay may be used
as (large) rapidity gap detectors for exclusive processmes,as a veto i1 trigger
for both incoming and outcoming beam-halo background. lditemh, they aim to
measure forward showers from low-mass diffractive events.

High Precision Spectrometer project

Another project consisting of installing proton detectat240 m and420 m from1P5
is also in consideration withiams. Aiming to detect forward scattered protons which
survived from an exclusive interaction, the next chaptenigrely dedicated to this.

3.5 Event flow reconstruction

The reconstruction process, from the particle detectiorthigysub-detectors to the
high-level objects as used in the next analysis, is a 3-stageps. Firstly, local recon-
struction within the respective sub-detectors, from thgi&d type of data to "recHits”
type, which are usually position measurements and calteinodustering. Secondly,
information from different modules of a sub-detector amnbmed (ex: all the tracker
recHits are used to built a track). Finally, the last stepscsis in the combination of
all reconstructed objects from different sub-detectorsréate high-level candidates
(ex: combining tracks from the tracker with calorimetricsters to get aa/~ can-
didate). Only reconstruction of high-level objects usedhia next sections (track,
vertex, caloTower and muon) are described in the next paphgt
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3.5.1 Tracks

The default track reconstruction algorithmdms, also used during the analysis, is the
so-called Combinatorial Track Findéer or CFT [2, 67]. The reconstruction follows a
5-steps procedure in which the pattern recognition plagsdihg role.

Starting with the seed parameters and its covariance matdgmbinatorial Kalman
filter proceeds iteratively to build trajectory by extragkihg the track parameters to
the next compatible layers with the equation of motion in n&g field, taking into
account energy loss and multiple scattering. At each steglgporithm creates, for
compatible hits of the layer, a new trajectory. The traclapsaters are therefore up-
dated with the new pieces of information of the compatibts &ind correctly weighted
according to (current and previous) hit measurements afettory predictions. The
procedure of extrapolation is repeated until either thewnost layer of the tracker is
reached, either no compatible hit is found.

3.5.2 Primary vertex

Using the full set of promptly reconstructed tracks, therany vertex (PV) recon-
struction is a 4-steps process, splitted between the vértdgr [68] and the vertex
fitter [69] algorithms.

The performances of the PV reconstruction is studied in/74),. One clearly sees
an improvement of the resolution with increases numberawks and their average
transverse momenta. However, even for exclusive dimuoticesrcomposed of 2
low-pr tracks, the efficiency is stil- 99%, with a resolution ofil80 zm in transverse
and longitudinal directions. The effect of misalignmentsvestimated to be at most
20 — 30 um on the resolution. An independent cross-check of the&#®V recon-
struction is done in Section 6.3.2, and we fouriB&% efficiency for a 2-tracks PV.

The effect of overlap interactions within the same bunclssirgy may have two dif-
ferent effects known asplitting andmergingwhich can have influences in the search
of exclusive vertex. The merging is due to the fact that gegiseparated in by

2 mm or less are merged into a single reconstructed vertex &fféct was found to
be7% in early data af TeV wheres, = 4.6 cm. The splitting rather happens when
a soft interaction with small number of tracks is, due to the tlustering o2 mm,
reconstructed as multiple vertices near the main one. Itasagputed in early data
that the probability of splitting i6.3% only.
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On the one hand, the effect of the merging implies that exaugertices produced

within the same bunch crossing and wittr < 2 mm are merged together, with an
impossibility to disentangle the two interactions. On ttieo hand, splitting may lead

to selecting fake exclusive vertices as composed of onlgcks.

3.5.3 Calorimeter towers

Rather than using the information from each single crystdhe EcCAL andHCAL,
analyzes rather use CaloTowers built with information flooth calorimeters. Each
of these non-physical objects is constituted withedlaL andHCAL cells contained
in a respective; — ¢ region, following the segmentation eicAL. TheEM andHAD
part of the energy of a CaloTower is obtained by sumnengL andHCAL RecHits
energies, with a minimum threshold to be reached otherveismszero.

Calorimeter tower objects are used for the calorimeteet#s reconstruction and for
the computation of the missing energy. In our purpose, tivdfde used to charac-
terize the exclusivity conditions in the central ame calorimeters.

3.5.4 Muon reconstruction

The reconstruction of muons within the central detectorrsudti-step process, com-
bining information from the silicon tracker and the muoncpemeter. Full details
about the reconstruction parameters, algorithms, prapegeetc. may be found in
[72]. After the local reconstruction of hits within theer 1D cell, csc 2D planes and
RPC 1D, track segments are built with matched andcsc hits to provide seeds for
the next steps of reconstructions:

Stand-Alone muon

A pre-filter (to refine the seed state) and then the filter, tx@tbed on a combina-
torial Kalman technique, are applied from the outermostgimost) layer until the
innermost (outermost) compatible layer for the filter (filter) process. Based on the
same Kalman algorithm as the track fitter in the silicon temcknuon track param-
eters are extrapolated iteratively to the next layers ofntludn system, and trajec-
tory parameters are updated at each step with the informftton the new measure-
ment. The propagation is done taking into account multipégtering, ionization and
bremsstrahlung in the chambers and the iron yoke. To canglidenon-uniformity
of the magnetic field further, the propagation is performéith wmaller steps with a
helix parameterization in regions with large inhomogeasiin the field.
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Global muon

For each stand-alone muon, a tracker track matching isimeeft, starting by defining
a rectangular region of interestin— ¢ to choose the initial set of tracks candidates
roughly compatible with the stand-alone muon. Secondé/nlatching of the tracker
and muon tracks is done by comparing parameters after exatign on a common
surface. Depending on the case, this surface may be thestraaker surface, the in-
nermost boundary of the muon system, the detector surfateajutermost tracker
track hit or the innermost muon track hits. The selectiorhisstdone such to min-
imize the covariant error matrix of the propagated tracks tanreduce the number
of matches per muon. Finally, for all matching pair of a terelkack — stand-alone
muon, a global refit of the silicon hits and muon hits is perfed in once

Tracker muon

A complementary approach to the global reconstructionistso rather consider all
tracker tracks as muon candidates and check for compagigiments in the muon
system. This type of reconstruction is particularly suitedlow-pr muons which
may not leave enough hits in the muon stations to be recatsttas a stand-alone,
or to recover muons lost between wheels gap.

3.6 Trigger system

In order to observe a maximum of collisions during the bedsitime, the beam-

crossing rate at the centerof1s is configured to be high, with a maximum of 6 MHz
during 2010 (and up to 40 MHz for the nominal design). Morepf@ each beam-

crossing, several collisions occur simultaneously. Sihég impossible to process
and to store the large amount of data produced during thdbsiats, one needs to

perform a large reduction of the rate. This task is achiewethbé trigger system and
is divided into two steps:

e the Level-1 systemi{1), based on electronic hardware to reduce it to 100 kHz,

o the High-Level systemH LT), a software system to filter the rate to 100 Hz.

The L1 uses coarsely segmented data provided by#$ebdbT andrPcindependently
(4 muon candidates) and by tBeAL, HCAL andHF (8 ¢/~ candidates, 8 jets, 4s,

S Er, Emss, . ..) as input for logical decisions. Thel trigger, which has to an-
alyze each event, has a maximum latency of BDetween a given bunch-crossing
and the distribution of its decision to the front-end elesic memories in which high-
resolution data is temporarily stored. Consequently, tbegss needs to make use of
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a buffer, designed to store a maximum of 128 events.

The HLT, on the contrary to thé 1, has access to the complete read-out data and
can therefore perform complex calculations. A farm of a #au of commercial pro-
cessors is used to run the selection algorithms. A long figigger paths have been
created, for commissioning or physics purposes. Among o can spot the Zer-
oBias trigger which selects every beam-crossing eventivelnehere is an interaction
or not; it will be used for the commissioning of the exclugngonditions in Chapter

5. It is also worth mentioning the existence of an exclusi¥e pair trigger, select-
ing events with low occupancy in ther detectors. For all triggers, the cut values as
well as the applied prescales are varying along the datagaieriod in order to keep
the output rate constant &0 Hz while the beam intensity and crossing frequency
are changing. The details about the dimuon triggers useth®®2010 analysis are
contained in Appendix A.
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Chapter 4

The High Precision
Spectrometer project and
Gastof detectors

“To go forward is to move toward perfection”
Kabhlil Gibran

The HPS project consists in the installation of very-forward détes close to the
beamline of the HC with the purpose to reconstruct outgoing protons from afuexc
sive interaction. The physics motivations, an overviewhefprototypes and expected
acceptance are quoted in Sections(4.1, 4.2 and 4.3 resggcHinally, studies on the
GASTOFdetector aiming to reduce background from accidentaldriplincidence are
reported in Section 414 and 4.5.

4.1 Physics with very forward detectors at the LHC

In the LHC optical environment, magnets will work as a spectrometer lzand the
protons which have lost a small fraction of their initial egye(as for instance outgoing
protons frompp(yy) — pXp), as it is shown in Figurie 4.1.

Similar techniques of proton spectrometers with forwargd®rs have already been
applied atcpr [73] andDO [74] experiments atEVATRON , H1 [75] andzEUS [76]
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Figure 4.1:Proton path for different energy loss. Path is stopped when the protmusters
a obstacle from theHC beamline (quadrupole, beam monitar,)

atHERA, PP2PP[77] andSTAR (proposal) [78] aRHIC or TOTEM [79] at theLHC.

Detectors have to be installed in the high-dispersion regiat240 m and+420 m,
where the scattered protons are well distinguishable fiwenones of the beamline.
Figures 4.2 show the contours for positions and angles oélstie sample of scat-
tered protons from thep(yy) — pW ™ W ~p process at/s = 14 TeV simulated
with MadGraph|[80] and propagated into thiec line with the Hector software [81]
assuming half-crossing angle bf2.5 urad, with an angle dispersion 86.25 urad
and a beam energy dispersion of 0.79 GeV. 38% contour of the7 TeV protons
is also highlighted by the red ellipse. Theposition of the scattered protons in very
forward region is, at first approximation, only function bgtfraction of energy loss
as:

AB

Az = D(s) Z

4.1)
whereD(s) is the beam dispersion and is a function of the total pathtten@s one
can see at Figufe 4.1. As there are no beam dispersigntime spread iny is just
due to the vertex smearing. The positions and angles of the sample of scattered
protons as a function of the energy loss is displayed in EiguB.

The original motivation to install very forward detectotgtzeLHC is for the search of

exclusive Higgs production in CEP, as in Figure 2.12. Indesshsurements of outgo-
ing proton momenta and energy loss —as they are directlieckta the invariant mass
of the system— allow a Higgs mass reconstruction with@eV resolution, irrespec-
tively to the decay mode, even for final states containing getneutrinos, thanks to
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the missing mass method [82]. In addition, if this measurgrisadone in coincidence
with the central detector, kinematics of the Higgs bosornfzea fully constrained and
all quantum numbers are accessible, including the spin.oBgHiggs physics, the
addition of such detectors would help to achieve the phygieds ofcms listed in(3.2
and would open up a new rich program of QCD, EWK and BSM physics.

In the first stage, wheapPs-240 only will be available, only the protons which have
lost a significant energy would be detectable, and hencetbalnasses abo280GeV

will be reachable (Figure 4.5). However, such a limited appes will already give
access to some interesting and unique physics subjectsfariinstance the study of
QCD in diffraction, in CEP and irp interactions. The high-mass electroweak sector
can also be probed iy, by searching for anomalous couplingsyin — W+W = or
deviations in the mass spectrum from BSM physics. As an elgrtie phenomenol-
ogy of the two-photon production of supersymmetric pairstislied in Chapter|8.

In the second stage, the inclusion of detector$2atm will extend the range of de-
tectable energy loss down 9 GeV, and also provide extra measurements in the
intermediate regime thanks to crosse x 420 detection. That includes the mea-
surement of the mass and quantum numbers of the Higgs bosenre@son of the
delay between the installation 40 m and420 m stations is mainly due to the extra
engineering needed for the replacement a long cryogenigeston by a warm pipe
section plus a cryogenic bypass [83].

4.2 High Precision Spectrometer detector overview

The detector stations consist of a silicon tracking systdmclvcan be moved transver-
sally thanks to a special movable beam pipe with the deteaitegrated on it. During
beam injection, acceleration into thec pipe and luminosity tuning, the detectors are
parked in a safe place far from the beam line; when beam clgaamd collimation
have been performed, the detectors can move step-by-stiegit@ptimal positions.

The method to reconstruct the energy of the scattered matdral energy is to mea-
sure the displacement and the angle at several points~in8ameters-long region.
To obtain the target resolution 8fGeV on the central system mass, one would need
resolutions o~ 10 um in x and~ 1 prad iné: these resolutions can be obtained in
the tracking system by the use3i or pixel silicon detectors. In additioD silicon

has the advantage to own very small dead space and fast sespon
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Figure 4.2:Positions and angles distribution for generated eventss W W~ Top: (z, )
proton positions of arrival. Down:z( 6,) proton values. Distributions are divided between
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4.3 HPS acceptance

In the following, a photon-exchange process is assume@thifithe scattered proton
is detected into very forward stations2af) m or 420 m. The detection criteria taken
in the next imply that the proton position has to be measurédth240 m and248 m

to be considered as detectedHipns-240, and similarly forHPs-420. Partially detected
protons by only one of the two stations-at240 m are considered to be affected, and
not detectable at20 m anymore, although there may be in the acceptance. It has its
importance when considering non-edgeless silicon detefo instance. The design
of the 8 stations£428, £420, £248, +240 m) was considered identical for whole of
them, except the distance approach. For the next figuregstovoser2.5 mm for
HPS-240 andd mm for HPS-420. That corresponds to a distance of respectively,16
and 120, from the beam center on average.
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Figure 4.4: Scattered proton energy spectrum (and hence photon energy spedétiu
pp(yy) — pW W p processes. Kinematic regions where proton detection is allowed are
marked, considering2a5 mm and4 mm approach with no dead zone.

The forward station tagging acceptance for scattered fahpeoton from a realistic
sample ofpp(yy) — pW W ~p process which is given at Figure 4.4 is as a function
of s of the proton only, while it actually depends on the momentamsferQ? as
well. However, it was shown in [81], at low momentum trangfex acceptance only
depends on the energy, and only at highthe acceptance is lowered because of the
larger proton scattering angle induced by the photon eoris#is the average photon
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virtuality is relatively small ,(Q?) ~ 0.01 GeV2, one can consider that equation|4.1
is valid. There exists small dead zone (mainly B&), for protons with energy loss
between~ 85 GeV and~ 120 GeV, due to the fact the protons are too energetic to be
detected a240 m, but not enough fot20 m.

The convolution of both proton-tagging efficiencies is méaléuild the acceptance
curves for double-tagging, (exclusive) single-tagging an-tagging as a function of
the vy center-of-mass energy in Figufes 4.5. Only two-photon peced events with
central systemX within |n| < 2.5 are considered to build the graph. The curves
are easily understood if one remembers the proton energye fan tagging att20 m
(from ~ 20 to ~ 100 GeV) and aR40 m (from ~ 100 to ~ 700 GeV). The single tag
spectrum from bottom left is shown separatelydd® m, 420 m and the sum; several
regimes are observ
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Figure 4.5:Double-tag (top), single-tag (bottom left) and no-tag (bottom right) acoepta
for |ny| < 2.5, assuming 2.5 mm and4 mm approach with no dead zone.
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To optimize the acceptance for low energy-loss protonsgétectors must operate as
close as possible from the beam-linela® m, with a maximum oy mm (from beam
center to the edge of the sensitive area)i m to be sensitive to masses around
100 GeV. For240 m however, the positions of the detectors will have largaierite
on the acceptance, 2t0 m and at420 m. This is illustrated in Figure 4.6, showing the
acceptance for 3 different scenarii of beam-distance astthtdogy. With respect to
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Figure 4.6:Acceptance fofny | < 2.5. Full line is for an edgeless 2.5 mm distance approach,
dashed lines are for edgeless 2 mm and 0.5 mm-edge 2 mm distance.

the nominak.5 mm edgeless detectors assumed here, 2 others have beeatecedsi
some edgeless detectors2athm and some & mm with 0.5 mm dead-edge. In the
first case, the approach @b mm extra in the beam brings~a5% gain in acceptance
for central system withifi5 GeV and550 GeV. In the second case, when the detectors
themselves are &mm from the beam, but the silicon area starts to be sensitilye o
0.5 mm after, the acceptance is decreased%yin the rangd50, 500] GeV. This is
due to the shadowing effect 10 m on420 m stations, as itis illustrated in Figure 4.7.
Going too close to the beam WPSs-240, one starts to enter in the acceptance zone of
HPS420; but if that incursion is covered by dead material protores affected and
cannot be measured neither2dd or 420 m. Thus, the acceptance can be optimized
by choosing different distance-to-beam Bgani andBean?.

1For theHPs-240, single-tag is generally possible when one gets asyrimnetergies configuration
as100 < E, < 700 GeV andE,, < 20 GeV W, < 235 GeV) or E, > 700 GeV (W, =
530 GeV). TheHPs-240 single-tag probability reaches almd$i0% for W, ~ 1400 GeV and then
decreases linearly , since for larger two-photon massesdvothns get often outside the acceptance range.

This is also seen in the 'no-tag’ acceptance curve at thetmatight which behaves reversely. Similarly, the
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Figure 4.7:Shadowing effect of theiPs-420 byHPs-240 stations for an edgeless 2 mm ap-
proach.

The difference in beamline with respect to detectors latat®20 m —as it was as-
sumed in many previous papers— is small. The extra magrietiteats will anyway

imply a slight modification in forward angles of the scattepzotons kinematics, be-
tween+220 m and+240 m, but also betwees240 m and—240 m:

For theBeant:

¢ a4.8 m-long quadrupoleMQML), from s = 225.99 m t0230.79 m,

e a0.9 m-long arc orbital vertical correctowkICKER), from s = 230.98 m to
231.88 m,

e a drift section of~ 24 m with constant anglea, = 3.41 prad anda, =
4.65 prad, until the next collimator located at= 255.78 m.

while for theBean®:

e a4.8 m-long quadrupoleMQML), from s = 225.99 m t0 230.79 m,

e a drift section of~ 26 m with constant anglea, = 0.45 prad anda, =
—2.25 prad, until the next collimator located at= 256.61m.

with angle values quoted far TeV beam protons. The configuration has not much
influence on the forwardr, y) positions, and hence the acceptance, butthendd,,
angles at forward positions are quite different, as it magdsn in Figure 4.2. As the

HPS420 single tag can be obtained with < E,, < 100 GeV andE,, < 20 GeV (W, < 100 GeV)
or B, > 700 GeV (W, = 235 GeV).
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horizontal drift angle is roughlg times bigger foB1 than forB2, the dispersion of
forward angles for beam and scattered protons is almosahu40 m and extend
up t0210 prad at+240 m.

The photon-photon spectrum displayed in Figure 2.67fdieV beam energy, after
HPs acceptance (calculated witholity| constraint), is shown in Figure 4.8. The
nominal very forward detector setup will therefore be effitito tagy~ interactions
with invariant masses between20 GeV and~ 1400 GeV.
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4.4 HPS background reduction

Since the processes of interest by thes project are on the femto-barn level, the
detectors need to be able to run at the highest instantah@mirsosity, up toL =
10%* cm~2s~!. With the increased luminosity, the number of simultaneiner-
actions per bunch-crossing is raising too. Therefore, ttudability to have fake
triple coincidence event with one or two protons coming frpanasitic interactions
as shown in Figure 4.9 would be so high that it would dominlagesignals.

(a)' ® ' © "‘

*—o o—— " — o — —

l | I

Figure 4.9: Schematic illustration of overlap backgrounds to exclusive productia): (
[PIIX]Ip]: 3 interactions, one with a central system, and two with oppoditection single
protons (b) [pp][X]: 2 interactions, one with a central system, andelcersd with two opposite
direction protons (c) [p][pX]: 2 interactions, one with a central systachaproton, the second
with a proton in the opposite direction, copied from [3].

In order to reduce this overlap background, one possiblenique consists to request
a strong matching between the vertex reconstructed by titeatéracker ofcms and

the point of origin of two scattered protons reconstructéti w z-by-timing method.
One only needs to measure the relative arrival time of the gvedons at forward
stations,t;, andtg. Assuming that the two protons are originating from the same
interaction, the: position can be reconstructed as

1
Zpp = i(thtR) X C (42)

The resolution of the vertex positi@n,,, is therefore only function of the timing res-
olution ¢ on single-side a8z, = —4t. In order to achieve the precision resolution
of 2 mm on the reconstructegp vertex, one therefore needd @ ps time resolution
on each measurement.

In case the two protons are not coming from the same interagtihe reconstructed
vertex positions:,, and z¢ars Will not match in general, allowing a large rejection
factor.
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Overlap events at the LHC

The rate of accidental triple coincidence background withie central and forward
detectors is obviously function of the delivered instaptars luminosity. Therefore,
the overlap background will be computed for two benchmamkihosities correspond-
ing to’low’ ( £ = 2. 1033 cm~2s~!) and ’high’ (£ = 10%* cm~2s~1!) pileup regime
at /s = 14 TeV. The labelling convention to use square brackets toifspte in-
teraction to which the proton belongs is used in the follgyvirFor instance, two
single-diffractive events plus an prompt inclusive eveiit ke noted by [p][X][p],
while two-photon production would be [pXp].

The total cross-section prediction fofs = 14 TeV from Pythia is around00 mb and
is composed of the following processes:

e Elastic productionpp — pp, simulated withvVBUB( 91) , is not contributing to
the visible cross-section;

e Single diffraction:pp — pX or pp — Xp, simulated withMSUB( 92) or
MBUB( 93) , has a production cross-sectionldf3 mb;

e Double diffraction:pp — X, simulated withMSUB( 94) , with a 10.21 mb
cross-section value;

¢ Non-diffractive inelastic productiomip — X, simulated withVSUB( 95) and
also sometimes callédw-pr production has the largest contribution wisid.71 mb.

The energy spectra of all charged particles with> 7 are displayed for each sub-
process independently in Figures 4.10, with the same colde.c

Only a small fraction of the produced particles will reaet) m or 420 m locations,
but enough to lead to significant concern at high luminosity.

The fraction of events with single and double tag is showrabld 4.1 for each Min-
imumBias process independently. The cross-section farts\a theLHC containing

a forward particle detected inPs is then clearly dominated by single-diffraction.
Reweighting individual probabilities of Table 4.1, the pabilities of single and dou-
ble tag per pileup event turn to be:

[ = 2.69% fo = 2.78% Frop) = 0.05% (4.3)
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Figure 4.10: Zoom on forward particle spectrum, withPs-240 and -420 acceptance, for
MBUB( 94) (top left), MSUB( 95) (top right) andvSUB( 92) , MSUB( 93) (bottom) processes.

with the single tag efficiency computed for both sides sdpbra It has to be no-
ticed that not only protons are sources of overlap backgtoAithough there are the

main source 43.7%), one also expects some significant contributions from éodwv
7t (2.5%), &1 (2.2%) and K+ (1.8%).

Process Single Tag only Double Tag
+240m  -240m  +420m  -240m
pp(yy) — pWTW ™ p 8.96% 6.00% 7.34% 8.45% 57.45%
Single diffraction (92) 1.03% 13.23% 0.07% 11.35% 0.25%

Single diffraction (93) 13.89% 1.14% 12.24% 0.07% 0.27%
Double diffraction (94) 1.42% 157% 0.09% 0.08% 0.02%
Non-diffractive Inelastic (95)|| 0.30%  0.34% 0.01% 0.01% <0.01%

Table 4.1:Fraction of events with single/double tag for MinBias and signal.
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The cross-section for overlap background may thereforestimated as [84]:

= AVe A = ANVe A
Coap = 0px) | D T P (N =) + Y o Py (N = 1)

N=3 N=2
AN
+opx) D 7 P (V=1 (4.4)
N=2 :
= o] (Epiwl + Ewrl) + Tx1E) (4.5)

whereox is the inclusive cross section with the same final skatef interest,\ is the
average number gfp interactions per bunch crossing andis the actual number of
interactions in the considered bunch crossing. The sunrienpeed over all possible
number of interactions and weighted for each configuratioa Boisson distribution.
In the first term, Py, ;) (n) is the probability that, givem interactions, there are at
least two events that produce a forward particle detectedem(one on each side),
which is given by|[84]:

n  r+q—1 r n—r—
Pyyjip) (”):gﬂ ; (n[rfq])gryq! (f;]) (f[Zl)q (“ﬂ]‘f[;]) q

(4.6)

where, for examplej[;j ] is the fraction of events that produce a forward particlénimit
HPS-240 orHPS-420 acceptance from equation 4.3.

In the second termpP,, (n) is the probability that there is at least one event that
contains amPshit on each side of thee, and is distributed as a binomial distribution:

n

n! q . n—q
Py (n) *;m(f[pp]) (1= fiom) 4.7)

Finally, the third term stands for the coincidence prohghbliletween an overlap event
and a single-diffractive evemtp — pX which produce the same final state of inter-
est plus aHpshit. P, (n) is therefore defined as the probability that there is at least
one event with a forward particle detected on the opposite sf thelp to the sin-

gle diffractive proton from the hard event. The correspogdormula is similar to
Py,p)(n) but using the event fractiofy,).

The Poisson mean number of interactions- 5.03 for the "low-luminosity” period,
and \ = 25.14 for the "high-luminosity” periods, correspond respediiveo £ =
2 x 103 em2s~ ! and£ = 1 x 1034 cm~2s~! if one considers a0 MHz frequency,
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the nominal number 02808 proton bunches in the pipe and a total visible cross-
section 0f79.22 mb. Therefore, the computation of integrated probabdigves:

Epp = 1.12% for low lumi

= 23.36% for high lumi (4.8)
Epp) = 0.20% for low lumi

= 1.23% for high lumi (4.9)

At leading order, that means that in high-pileup conditiomsghly 25% of the beam
crossings will produce a fake double-tagged event. In tlkéstadies, the low proba-
bility due to [pX][p] has been neglected.

For similar computations assuming only forward stationsre-240 as it will be the
case for the first stage of thesproject, one finds a probability of accidental double-
tag events 00.6% and12.4% for 'low’ and 'high’ luminosity conditions respectively.

Accidental coincidence reduction

Although one bunch crossing over four will produce accidefdrward coincidence

at high luminosity, such kind of background can be reducesidvgral techniques. As
the overlap events are uncorrelated, one can request kilosnoansistency between
central and forward detectors. Also, as final state of isteiseusually produced in

association with many tracks attached to the prompt vedexgontrary to the two-

photon interactions where the pair is produced exclusieetpnstraint on the number
of neighbored tracks will already suppress accidentaladeance background to an
acceptable level.

The third technique uses the comparison of the central amgafd vertex positions,
the latter ones being built with the proton time of arrivatte very forward stations.
The rejection factor will depend on the following paramsteliscussed afterwards:

e intrinsic timing resolutionyt,
e longitudinal spread of the interaction poirats,
e vertex size window,

o difference in path length between left and right sides
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The main source of degradation in the timing resolution isigalue do the intrinsic
jitter of the Photo-Multiplier tubes (PMT) use to detect therenkov photons. Cur-
rently, a time resolution of0 ps was achieved in laboratory (testing PMT only) and
in test beam conditions (including signal amplification arsdilloscope processing)
with Photek-brand tubes.

The other important factor influencing the rejection is thegitudinal spread of the
vertices positions: broader the distribution, lower thebability to have accidental
triple coincidence with matched vertices. The spatial &mé distributions of the cur-
rent densities, as well as the crossing angle have influem¢beospread value. The
full computation of the luminosity profile alongintegrated over time and taking into
account alLHc machine parameters for the nominal design as the halfiogasgle
of 142.5 prad has been done in [85] and resultin= 48.2 mm. For protons not com-
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Figure 4.11:Simulation of the distance between reconstructed vertices for signgb}axd
overlap ([p][X][p]) events, taking into account a vertex spread o= 48.2 mm and a timing
resolution of10 ps.

ing from the same interaction, the distance between theéfalertex reconstructed in
the forward statiorry, p and any prompt vertex in the central detecigr,; s will be
reconstructed on average as a Gaussian wvith /1.5 o, ~ 59 mm, as represented
in Figure 4.11.

The vertex size window is the degree to which we require thenstructeghp vertex
to match with the central vertex. As it is clearly analysipedndent, the value should
be balanced between a small (higher background rejectimhpdarge (higher signal
selection) vertex size. For the study of two-photon proiducbf supersymmetric
pairs in Chapter 8, the highest value $fv/ B was obtained for a window of.5,
i.e. selecting87% of the signal events. The efficiency selections fdr.&r vertices
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matching, for the signal and the overlap events, are displan the table next page
assuming different timing resolutions.

Process type 6t =5ps ot = 10ps It = 20ps
[pXp] 87% 87% 87%

[PI[X][p] 2.13% 4.26% 8.49%

PP [X] 1.84% 3.68% 7.36%

Table 4.2:Forward and central vertices matching efficiencies for different timasglutions.
Thel.50 window size is set here.

Finally, as it can be seen from the Figures 4.12 computedrttToRr the difference
between left and right side is at most:f which leads to a negligible contribution to
the time jitter of aroun@.5 x 102 ps.
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Figure 4.12:Total path length for 24Pshits protons.

4.5 Gastof as a fast timing detector

451 GASTOF detector overview

The concept of a dedicated timing detector for Hres experiment needs to take the
following requirements into account:

e the full system timing resolution should 610 ps) for measurement of single
proton time of arrival,
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¢ the sensitive detectors have to survive at the rate of sedtferward (signal
and background) particles,

o the complete setup has to disturb as less as possible kiilvsnoétthe proton
candidates

To fullfill them, the design involves detection of Cerenkaght produced by the pas-
sage of forward scattered particles within a gas volume. [BBE gas is contained in

a rectangular box of few0s cm length with a very thin wall adjacent to the beamline
and aligned on the parrallel with the scattered proton gyaplan axis, as shown in
Figures 4.13 for a- 35 cm longGASTOF. The use of gas medium as a radiator has
the advantage to create fast light pulses, with well predikinematics.

Figure 4.13:3D view of Gastof detector, for the 30 cm-long version.

The proposed gas, already in use in the prototypes, i€'ili&¢, at a relative pressure
of ~ 1.2 bars which has a reflective index= 1.0014 and thus produces light cone
with a narrow angle o8° in the [200, 650] nm wavelength range. Produced photons
are then reflected by a thin metallic front-surface mirroraofast Photo-Multiplier
Tube (PMT), placed out of the protons trajectory. The mihas a special aluminium
coating with a magnesium fluoride overcoat which protectsatuminium and en-
hances the reflectivity for short wavelengths. It has a spaleshape with radius of
10 cm which slightly focuses reflected photons. Mirror igiaéid such that the sym-
metry axis of the box is projected on the center of the phatbade surface, as drawn
in Figure 4.14, and event displays from Figures 4.15. Us&gdens to further focus
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Figure 4.14:2D view of Gastof detector, with technical distances, for the 30 cm-lorgjore

is also in consideration for future upgrades.

In the reference design, the main source of timing resalutiegradation is coming
from the transit time spread in the PMile. difference of time distribution between
photon impinges the photo-cathode and current collectiothe anode. Indeed, for
a 15 cm lengthGASTOF, the Cerenkov light production should last oryps, and
photons would travel at speed closectm gas; such that the spead of time of arrival
of photons on the photo-cathode is limited to 1.5 ps, as sheitfnsimulation in Fig-
ure 4.19.

The photo-multiplier tubes used for lasiasTOF detectors are the Micro-Channel
Plates PMT (MCP-PMT). These are special PMT consistingZarray of parallel
glass capillarities of a fewm diameter, called channel. Each channel, of which inner
wall is covered by material with secondary electron prapsytworks as an indepen-
dent electron multiplier. The MCP-PMTs are well suited fastftiming measure-
ments as a strong electric field is applied parallel from thetp-cathode to the MCP
entrance and from the MCP exit to the anode. Thanks to thesgtfield, effects of
emission-angle distribution and initial-velocity diswiion of photo-electrons, which
usualy have tendency to broaden the signal pulse, are aloide
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The other type of timing detectayuARTIC (QUARtz TIming Cerenkov) is using a
different technology. Instead of gas, it has fused silices lzss Cerenkov radiators,
oriented with respect to the beam line at the average Cevemhkgle (8°) aiming
to minimize the light reflections into the bars. Thesears (inz — z plane) are then
coupled to traditional MCP-PMT. The main advantag@oRRTIC is its possibility to
measure the time of arrival of several protons per bunchkihito itsz —segmentation.

A pair of QUARTICS will be inserted, in their own pocket, at the very back of iires
station as they may disturb the proton trajectories withtiplel scattering. On the
contrary, the amount of material that has to travel scattpretons intoGASTOFis
relatively small (a thin front aluminium layer, the tickrsesf the mirror, and the back
thin aluminium layer) and therefore detectors are expectéeé placed among silicon
tracking stations.

4.6 Ray tracing simulation

Work done in collaboration with Tomasz Pierzchala

The simulations of forward scattered proton interactioitk the detector, the Cerenkov
rays development and the signal emission out of the PMT degeio aims. On the
one hand, for its prediction on the average number of phatopsioto-electrons col-
lected inGASTOF for typical events, as the resolution of time measuremesufs
posed to be directly related to the number of detected pkotom the other hand, it
can become a powerful tool to search for the best design wéhific constraints.

Next studies concentrate on the derivationcafSTOF properties considering first a
reference prototype and then some variations in the deMgst of technical figures
as reflectance, refraction index, ... are placed in the Agigén.

4.6.1 Software details

As the geometry (a rectangular box with a circular outpud) e physics (Cerenkov
effect) of the proton interaction are quite simple, the datian software was devel-
oped inC++ language, rather than using heavy full simulation softwikeeGEANT.
The concept is therefore based on linear geometry and tiasism/reflection ef-
ficiency dependence with the energy. The simulation, frootqor incoming into
GASTOF up to signal pulse out of the PMT, is stepped in different padetailed in
the next:
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1. Photon generation Cerenkov light is generated along the proton path in the
gas volume;

2. Photon propagationt each light ray is propagated individually into the volume,
interacting with walls, mirror, lens, etc. up to the exit @ow of GASTOF,

3. Photon detection surviving photons are collected on the photo-cathode and
output signal pulse is simulated;

For the next figures, a realistic distribution of proterandy entrance positions in
GASTOFhas been assumed asins-240 —as illustrated in Figure B.1— with the detec-
tor aligned parallel to the proton direction. Otherwisel@Exiely quoted, the following
geometric and physical assumptions have been set for therefe detector:

e GASTOFlateral position is a.5 mm for theLHC beamline, such that = 0 in
the plots corresponds tqy, o = 2.5 mm;

e horizontal ) and vertical ) widths are 30 and 37 mm-long respectivety,
length is16 cm from indoor face to the exit window center;

e mirror has a spherical shape ©f cm radius and it cover$ < = < 30 mm and
6 < y < 37 mm; its reflection efficiency is assumed as shown in Figure B.3

e gasisC,F, at a pressure of 1.3 bars;
e acircular exit window oft 2.5 mm radius, centered on mirror focus point;

e PMT is theR3809U- 50 from Hamamatsu with Quantum Efficiency (QE) as
in Figure B.6 and Collection Efficiency (CE) 656%;

o reflection of the thin wall close to beam is set2@%, while other walls are
considered as black;

Basic geometry as itis implemented in the software and sgémeti-rog event display
[87] is shown in Figure 4.15.

Cerenkov photon generation

Photons are created along the whole path of the proton witi@ngas volume. In
order to optimize the event simulatiapu, it was decided to attach a weight to each
generated photon rather than simulate a large sample amd twisurviving ones.
The initial weight associated to each produced photon spareds to the probability
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Figure 4.15:Event display of the implemented geometry and a typical eveansTor. The
gas is contained within the box (green lines) which is fully hermetic but at xftemndow
(red circle), where rays can exit and touch the photo-cathode (bloe &moton (blue line) and
photons (orange lines) paths are displayed for a typical event.

of Cerenkov photon emmission with a typical energy, norsealiby the total number
of photons emitted along the path length. This total numbéred per trajectory and
easily computed as:

@

N = E sin®
d hchd sin”(0)

« 1
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with dz the total path length of the proton in the gas, aiitithe energy distribution.
In the simulation process, the photon wavelengths are geteionly from 160 to
900 nm, as light produced outside this range would not bectefieby the mirror
and/or detected by the PMT.

Rays are generated at the Cerenkov angle-df° since refractive index, which is
a function of the incoming energy, varies betwdet013 and1.0017 in the energy
regime we are restricted as displayed in Figure B.2. #laagle is chosen randomly
among|0, 27].

Cerenkov photon propagation

Light rays are propagated into the volume, starting fronirtheneration position on
the proton path, at the group velocity roughly equivalent to. Photons propagate
freely following a straight line until they reach a surfackt each surface crossing,
the direction and the weight of the photon are modified, witivas depending on the
encountered material:

e black wall: photon is absorbed by the wall, so the weight eissed to ray is set
to zero;

e aluminium wall: photon weight is multiplied by the assumednanium re-
flectance 20% in the examples below), and the direction is modified as for a
reflection by a flat surface;

e mirror: photon weight is multiplied by the mirror reflectamavhich is a func-
tion of the photon energy (see Figlre B.3), and the diredianodified as for
a reflection by a hemisphere;

In addition, timing information is updated at each surfaeessing.

Cerenkov photon detection

If the Cerenkov ray reaches the exit window ®@ASTOF detector with a non-null

weight, its trajectory is continued outside the rectanghta towards the PMT. The
sensitive area of the photo-multiplier, the photo-cathddesimulated by a disk of
5.5 mm radius. Prior the collection by the photo-cathodeatqis have to travel a
quartz layer of3.2 mm width which is meant to protect the cathode itself. As the r
flective index of quartz (from 1.54 to 1.82 for the wavelersgtinder consideration) is
different from the gas, the trajectory of the photon intontpiwvill be slightly modified
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with respect to the initial direction. The modification oktbhoton path length into
the quartz is somehow very limited and increases the tirfégbit by 6.5 ps on av-
erage for the total length. On the contrary, the velocityuarg being different from
the velocity in the gas, the propagation of the photon ﬁ@g;—m of quartz leads to
an increase of.2 ps for the time of arrival on the photo-cathode of differehtfons
from the same proton. As an example, the distribution ofithe of arrival with and
without quartz window for the reference setup is shown inuFegt.19.

The weight of each collected photon by the photo-cathodker multiplied by the
Quantum Efficiency (QE) and Collection Efficiency (CE) of fARIT under consider-
ation in order to simulate the generation of photo-elecrdior the Hamamatsu tubes
that were tested so far, the QEs dependence with the inp@ierayth are displayed in
Figurée B.6, derived from the photo-cathode sensitivitp alsown in the same Figure.
The CE, for which value remains unknown, was fixed to 25% ad#st value to fit
2009 Test Beam data.

After computing the probability of such & (photon) to N (photo-electron) trans-
formation, simulation of the signal pulse height is perfethas a convolution oV
single-photon response curves as Figuré B.7, with random number from Poisson
distribution with mean of expected photo-electrons.

4.6.2 Reference design predictions

The distribution of the photon hit positions on the photthoae from a realistic sam-
ple of pp(vy) — pWTW ~p events atHPs-240 is displayed in Figurle 4.16 (right)
where two zones with higher density can be observed. Therbath due to the high
density of protons hitting the front surface®@isTordetector at: ~ 3 mm, observed
in Figure B.1. The highest zone collects photon emittedéndinection of the detector
center and photons reflected by the aluminium wall. The atbee, less dense, is due
to the Cerenkov photons emitted in the direction of the beaath- but not enough to
hit it before reaching the spherical mirror.

For comparison, the same hits distribution for entrancatsadistributed uniformly
horizontally and fixed to mid-height vertically is shown dwetsame Figure. The dis-
tribution is rater uniform but two same zones due to the spalamirror configuration.

The response of the detector as a function of the incominpimosition is studied in
Figure 4.17. Protons are generated with fixgubsition at the middle of the detector
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Figure 4.16:Two-dimensional distribution of the photon hit positions on the photo-catfard
horizontally uniformly distributed proton entrance points (left) and fotisda HPS-240 case
(right) and reference design.

(indeed,y dispersion of scattered proton in forward detector is venjtéd), andz
positions uniformly distributed among the full range@fsToFacceptance. One can
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Figure 4.17:Mean number of produced photo-electrons in the reference desmfuastion
of the horizontal proton entrance positidf,-.ton, and vertical positiorY” fixed to the mid-
height (*'=16.5 cm). The maximal signal is expected 6.0 in the middle of the detector,

and efficiency decrease is observed wh&n .., approaches a wall as (part of) the Cerenkov
light is absorbed.

clearly notice the slight decrease of the mean signal fozbotal entrance position
moving aways from the center, as part of the Cerenkov enmssibh be (highly or
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fully) absorbed by the wall material. Compared to protonsttexh on the detector
symmetry axis, protons with initial position close to theabewall produce a 40%
smaller signal if the reflectance of the aluminium wall is t8&e20%, or even 50% if

it is assumed fully black as the opposite-beam wall. It isttvéo note that the effi-
ciency never drops to 0% on average anyway, thanks to theejeordistribution of

the Cerenkov rays as a cone.

The spectrum of these detected photons is actually showigimd4.18. Starting from
the pure spectrum of emitted Cerenkov rays, the effectseottitiection and photo-
electron transformation are visible. For the photo-eteciturve, the wavelength is
the one from the original photon. At the end of the process stiectrum of photons
contributing to the signal is peaked for wavelengths ar@B@nm, mainly due to the
higher PMT quantum efficiency in this region.
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Figure 4.18: Spectrum of the produced Cerenkov photons, collected photons aid-ph
electrons as a function of thewavelength, for realistieiPs-240 case and the reference design.
For the photo-electrons, the wavelength corresponds to the one of theghitan.

One of the most important quantity (with the efficienciesategence) that could be
derived from the simulation, is the photon time of arrivaltbe photo-cathode. In-
deed, the time spread of the hits on the PMT will contributéhtotiming resolution

itself. For the~ 15 cm longGASTOF, the RVS of the time distribution is only 1.5 ps
as it is shown in Figure 4.19, on which effect of th& mm quartz window is also
visible.
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Figure 4.19:Time of arrival of photons on the photo-cathode for realisiits-240 case and
the reference design. The effect of the 3.2 mm quartz window plaoatithe photo-cathode is
emphasized by plotting the non-realistic case without such quartz layer.

4.6.3 Design variation

The same simulation package may also be used to search fbesheesign by the
optimization of the detection efficiency and the time spra&tious modifications are
under study, and few of them are addressed in the followinyth& parameters set
for the reference design are fixed, but the one under cordider

Length influence

The total length of th&AsTOFdetector, and hence the path length of the proton inside
the gas volume, has an influence on the timing measuremel@edh longeGASTOF
implies more Cerenkov photons created, but also larger §pread of the photo-
cathode hits. The effect is shown in the table below for dffe lengths computed as
the distance from the front face to the mirror. The realisBochmark simulation at
HPS-240 has been assumed.

Length Nphe- Mean Time | RMS Time
0.162 m| 2.56+0.01 749 ps 1.41 ps
0.2m | 2.94+0.01 876 ps 1.46 ps
0.25m | 3.28+0.01 1043 ps 1.51 ps
0.3m | 3.51+0.01 1210 ps 1.60 ps
0.35m | 3.65+0.01 1377 ps 1.66 ps
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As an example, roughly doubling the total length of the dete(d 6.2 to 30 mm), the
number of photo-electrons increases-by5% for only a 0.2 ps extra contribution to
the RVS.

Pressure

Pressure inside the box has two effects on the physical pscae the gas refractive
index is a function of the pressure:

n(p) = V1+p (n?(1) - 1) (4.11)

with p the pressure expressed in units of atmosphere. Therefameaised pressure
implies a larger refractive index and hence a larger Ceneakgle of emission. In
addition, from equation 4.10, increased index also meatsibre Cerenkov photons
are emitted. The variation of the mean number of photo-adastfor realisticiPs-240
case is plotted in Figure 4.20.
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Figure 4.20:Mean number of produced photo-electrons as a function of the gasysesinto
the GAsTOFvolume for realisticiPs-240 case.

It is by consequence planned to use the adjustment of theyree compensate the
decrease of the quantum efficiency because of the ageirgy issu

Reflective wall

One of the major loss of signhal comes from protons which areregry close to the wall
into GASTOF, and for which roughly half of the Cerenkov light is emittexda the di-
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rection of this wall. For the nominal simulation case, a fixatlie 0f20% reflectance
has been set for the wall closest to the beamline, and oneeegim $igure 4.21 that
the efficiency decreases for proton incoming position cltsé&eam-wall.

< Nphe >/ 1mm

— Black wall

Aluminium (20% reflectance)

=
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0 0.005 0.01 0.015
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Figure 4.21:Mean number of produced photo-electrons for realistis-240 case and for
different beam wall material.

For the final design, it is therefore planned to built it witlgtrreflectance material.
To show the effect of such improvement, the beam wall has bssmmed to have the
same reflective properties as the mirror with the reflectafmtted in Figure B.3; one
notices that for the same sample of realistic protons, thertion of the mirror tends
to uniform the signal efficiency over.

Lens

Finally, the last upgrade possibility that has been crdessked with the simulation
software is the insertion of a lens between the exit windodvtae photo-cathode, and
aiming to focus the photons on the sensitive area of the PMEafistic commercial
lens with transmission properties of Figure B.4 has beenmasd for the simulation.
The Figurg 4.22 shows the effect of the lens on the positiophoiton hits on the
photo-cathode where, ti2 distance with respect to the area center is used. With the
usage of the lens, the whole reflected photons by the mirecc@ltected by the PMT,
while without focusing part of them were missed.



90 Chapter 4. The HPS and Gastof projects

14

12

=

et SN LI I LI RO AL RN B

0.8

0.6

0.4

0.2

P I L S N S SR S
0.002

- . 1
0.003 0.004 .005
2D-distance (hit - center)

TR RRRI
% 0.001

o

Figure 4.22:Distribution of the detected Cerenkov hit distance to the photo-cathoder,cente
for realisticHPS240 case, without (black line) and with (gray line) lens inserted aftertte e
window.

Summary

The simulation of proton interaction within tleasTorFdetector, although it was built
with genericC++ classes simply based on linear geometry, showed to givalbkdu
predictions for the search of the final design. In particulgredicts no region without
signal visibility.

In addition, the insertion of a lens and the increase refhegtaf the wall close to the
beam are two possible options to improve the design: thetfirstcrease the signal
collection on the photo-cathode, the second to increasesitmal for near-to-wall
incoming protons.
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Chapter 5

Selection of the exclusive
processes at the LHC

“L’heure n’est pas aux exclusives*
J. Milquet, Belgian politician
“Il faut éviter les exclusives*
D. Bacquelaine, Belgian politician
“I N’y a pas d’exclusive*
J.M. Javaux, Belgian politician
“Marre de toutes ces histoires d’exclusive”
C. Gennez, Belgian politician

With single-interactions, the exclusive signal from twloefon interactions in the cen-
tral cms detector would be characterized by the presence of the precatter, no
additional tracks, and no activity above threshold in tHerimeters. The presence of
pileup events with exclusive signal event will however $fitis picture by producing
additional tracks and energy deposits in the calorimefEng exclusivity conditions
are therefore applied using the pixel and silicon trackdy,aas the accurate track
and primary vertex reconstructions allow discriminatietveen different interactions
within the same bunch-crossing.

The principle for tagging (5/1), and the commissioning @& #xclusivity conditions
with the calorimetry/(5.2) and the tracking systém (5.3)sargjects of this chapter.

95
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5.1 Tagging exclusive processes at theic

The detection of two-photon interactions is simplified bg #imple topology of the
final states. As illustrated in Figure 2.1, it is composedhef photons fusion result
X produced exclusively, and two forward protons. Withoutvard proton detectors
available in 2010 runs, the selection of exclusive procespeoduced inyy, vP and
CEP- has to be achieved with the central system otthe detector only.

The experimental features of exclusive processes are edeiyplincommon tep in-
teractions driven by QCD-type of physics: many other trgoksluced in association
with the central hard scatter of interest, and large forvegrergy deposit due to proton
remnants hadronisation after the interaction.

It is thena priori easy to select exclusive interactions among events frpreolli-
sions by imposing exclusivity of the pair in the detectoririgghe high-level objects
available out of the reconstruction (Section 3.5), that lalemand no other extra
tracks in tracker plus no calorimeter tower with a signiftcanergy above the noise
level.

This definition of the exclusivity conditions would howevee inefficient to select
exclusive processes produced at thes, due to collider and detector concepts. On
the one hand, though thems detector has a large coverage of the forward region
thanks toHF, CASTORandzbDc calorimeters, the main source of background faking
exclusive events arises from inelastic photon exchangdékese processes produce
particles at forward angles which escape outsidedkis coverage. The effect is
visible in Figure 5.1 showing the energy}distribution of the most central particle in
the proton remnant.

On the second hand, the instantaneous luminosity delivgredeLHc in 2010 went
up to 0.7ub~'s™! (for non-certified periods it even reached 206~ 's™!), lead-
ing to multiple interactions occurring simultaneouslyhiitthe same bunch crossing,
and making it unusable information from the calorimetrioéos to veto the inclu-
sive interactions. At th&eVATRON, the cDF collaboration had to face the same issue
and therefore decided to restrict the analysis to singker@ction events only. This
was made possible by looking at end-of-run events, wherprbtens population per
bunch is significantly lower than at the beginning of theldgé, and therefore the
probability of overlap events. At thedc in the 2010 data, less th&0% of the total
luminosity was estimated to have been collected with sirgleractions, leading to
a significant decrease of the available statistics if thiecilbrimeter veto is used. In
addition, the selection efficiency of exclusive sample ddu strongly affected by
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Figure 5.1:Pseudo-rapidityrf) distribution of the most central particles produced in the proton
fragmentation after inelastic photon emission. The events are simulated WAtiRLinterfaced
with JetSet andZ, = 3.5 TeV, 1.07 < my < 320 GeV.

'invisible pileup’, i.e. high-mass diffractive events which deposit large energpén
forward calorimeters but produce no signal in tracking eyst

Instead, the track-based exclusivity conditions are ssfadly used to select exclu-
sive events in the harsh environment of overlap events, avitiigh inefficiency to
select fake inclusive events. The method consists in treetiep of all events with
any additional tracks associated to the primary hard scdite efficiency of the tech-
nique is discussed in Sectibn 5.3.

Finally, the optimal technique to tag exclusive events wansist in the installation
of dedicated detectors located far from theand aiming to select events with small-
angle scattered protons. With the capability to tag suchopsy both inclusive and
inelastic photon-exchanged events would be at a high Idwejection.

5.2 Calorimetry-based exclusivity conditions

The "ZeroBias” data are triggered by beam bunch crossiagfor signals with coin-
cidence betweeBpPTx+ andBPTX- [88]. Since selecting all possible ZeroBias events
would use valuable bandwidth for the detectors read-ouy, afraction of them, with

a maximal frequency of 20 Hz, are recorded. Within ¢hes collaboration, ZeroBias
data are used to study detector behavior in non-collidirmrberossing conditions
for jet energy background, beam-beam effects, etc. To ouyrgse, it will be used to
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monitor the mean noise level of each sub-detector with time.

The energy threshold for noise rejection is computed 68% noise rejection basis,
independently for each sub-group of CaloTowersiefr andHF-, as there are the
most forward sub-detectors and hence the most sensitite fotward component of
the produced final state.

The99% noise thresholds are checked with two different beam cimmdit

1. events wittBPTX+ —BPTX- in coincidence and no valid tra&(eblue);

2. events with exclusivelgPTx+ or BPTX-, i.e. unpaired bunch crossing (black).

In addition, the maximal energy deposit due to real coltisievents;.e. coincidence
of BPTX+ —BPTX- and at least two tracks (red), is also displayed in Figur2s Ehe
leading calotower energies are displayed for two diffete#dm conditions: on the
left plots for Runs between 132440 and 139975 where theritetaous luminosity
reaches a maximum of 0.32-'s~! (mean number of offline reconstructed primary
vetices is0.08); and on the right plot for Runs in 148819 to 149294 with maxim
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Figure 5.2:Leading calotower energy for low pileup (left) and high pileup (right) dtods.
Distributions are normalized to the same number of events between whBirglack), paired
BX without tracker activity (blue) and paired BX with tracker activity (red)

of 0.71~'s™! (mean vertex multiplicity id.83). For barrel and endcap sub-regions
(not displayed here), calotower noises in paired and uagdiunch-crossings are be-
having similarly, which proves that beam backgrounds werer@levant during the
commissioning phase for central detectors. On the contoary can notice a large

LA track is considered as valid if flaggedldisghPur i t y track and|z| < 24 cm.
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discrepancy in thelF histograms, due to the fact the high-mass diffractive everaty
lead to non-activity in the central tracker but may depasihe energy in the forward
region. This effect is visible in Figure 5.2 (black vs. blua)d one usually refers to it
as "invisible pileup” effect since it is not seen by the trimgksystem.

To avoid this effect, only low-statistics but purer unpdif®inch crossing events are
in used to compute the noise rejection levels. The noiseeviduthe first runs is
shown in Figure 5.3 foHF+ andHF- only. Starting from a initial value of 4.1 GeV
for HF+ and 3.3 GeV foHF-, one can notice a slight increase of the noise threshold
in both sides of the calorimeters. Various sources are abtiigen of this noise in-
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Figure 5.3:99% noise threshold forF+ (blue) andHF- (green) over the time (one point per
run number), from Run 132440 to 144114. Only selected runs with signifistatistics of
unpaired bunch are used.

crease. First of all, with increased number of bunches pgettfd number of parasitic
collisions grows. These are interactions happening oeitsids and for which fluxes
of produced particles are coming "delayeddms. For later runs not displayed here,
theLHC encountered a problem of vacuum leak which led to a large&ser of beam
halos and pushed tl#9% noise threshold ofiFs to as high value a5 GeV with the
computation method used.

The efficiency of selecting exclusive interactions withotaheter-veto, is then strongly
affected by the increase of instantaneous delivered lusitinby theLHc. In order
to prove once more the futility of the method, the Figurd Hhdves the efficiency of



100 Chapter 5. Selection of the exclusive processes at the LHC

selecting, among coincideBPTXx ZeroBias events, 'empty’ event by asking for less
than 5 CaloTowers with an energy above the noise as computhd commissioning
period. The efficiency drops belo¥0% already after L =0.2.~'s™!.
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Figure 5.4:Calorimeter exclusivity Vg~ g < 5) efficiency vs. instantaneous luminosity.

noise

5.3 Track-based exclusivity conditions

Since the method consisting of counting the extra CaloTewannot be used in high
pileup environment to select two-photon interactions, loag therefore to restrict the
exclusivity search to the tracker coverage orlly| (< 2.5), as its fine granularity

allows to discriminate the different interactions occugrsimultaneously by looking

at the reconstructed clusters of tracks.

Consequently, the philosophy is rather to count the numbextra tracks recon-
structed offline and associated to the hard scatter verteglézt exclusive ones. For
vy — T, this selection rule is very powerful. Sometimes, eledtrawise in the
tracker creates an extra fake track, but on average it récmtsd far from the original
vertex.

The power of the method is then strongly dependent of thelafiiy to reconstruct
charged particles trajectory, even at low transverse mameron of their spatial res-
olution. The first factor was studied with Monte-Carlo saesmf inclusive Drell-Yan,
for which any charged patrticle within the tracker coverage< 2.5 is considered to
compute the efficiency to find an associated reconstrucsée#t thatching with it (re-

questing an angular distangeR = /(An)? + (A¢)? < 0.15). Thepr spectrum of



5.3. Track-based exclusivity conditions 101

gen andreco tracks, as well as the efficiency curve, are displayed infeigus. One
can notice that the tracking algorithm is very efficient dawr250 MeV, for which
tracking efficiency is still abov80%. Below that threshold, it drops rapidly as almost
any charged particle withr < 100 MeV is reconstructable. However, as majority
of the tracks are supposed to be produced with a transversgeentom larger than
250 MeV, the integrated efficiency remains quite high withglly 85% of the spec-
trum reconstructed for inclusive Drell-Yan Monte-Carlorgde.
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Figure 5.5: Left: transverse momentum spectrum of any charged particles|wlitkc 2.5

from inclusive Drell-Yan processes, at the generator level (blac#)those matching with a
reconstructed track (grey). Right: Reconstruction efficiency as@&ifimof generateg.

The primer selection criteria is therefore to select everitts only a two-tracks vertex.
The efficiency of the method is display in Figlre 5.6 showimgiumber of tracks on
vertex (but the two muon ones) for inclusive dimuon samplem@arison with Drell-
Yan and dimuon-enriched QCD Monte-Carlo samples normaliael0 pb~! is also
done.

On the left plot, one sees that the gloB&{extra tracks) multiplicity distribution is
reproduced by the addition of both inclusive samples; tigadmultiplicity region is
dominated by the QCD-type of events, and the low-multiplitiy DY events. The
high fluctuations of the QCD sample is due to limited statgstand in particular the
contentin bins 3 or 6 is only due to one Monte-Carlo event witirge weight applied.
With increased Monte-Carlo statistics, one expects thigdobe "diluted” among the
neighbors.

On the right plot, the zoom on the region of interest of exgkiprocesses shows an
excess in thé extra-track bin which cannot be explained by inclusive Me@&arlo
processes.
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Figure 5.6: Multiplicity of extra tracks associated to dimuon vertex, with all other selections
applied. The data is shown compared to the expected contributions fretlh¥an (Z2 tune,
solid histogram) and dimuon-enriched QCD (light histogram) for the fgion at left, and
zoomed on the region neaf;...xs = 0 at right

The effect of vertexing efficiency was studied both in inalaslimuon data and signal
Monte-Carlo by computing, among events with a valid dimuertex reconstructed
with an independent Kalman vertex fitter and for which noksaexist aroun@mm in

z, the efficiency to reconstruct an vertex with only 2 trackacted and matching with
the Kalman one. To ensure the selection of real dimuon wesrtand reject those made
of two random muons, stringent cuts on the transvedsiBg <vtxr < 0.115 cm)
and longitudinal |/tx 7| < 15 cm) positions of the Kalman vertex have been imposed,
as well as on the muonsseparationfz < 0.5 mm). Results show that the vertex-
ing efficiency in the simulation (98.4% 0.03%) and in the data (98.480.09%) are
close t0100% and compatible among them.

In order to further suppress inclusive background whicldpog a 2-tracks vertex be-
cause of vertexing inefficiency, an extra cut on the surrounttacks is performed.
The vertex-to-track distance is computed as3thedistance between the offline dimuon
vertex position and the reference point of the track, whedhken as the point of trans-
verse closing approach to theaxis.

This value is selected based on the signal efficiency andgoagkd rejection found
in ZeroBias data and Drell-Yan Monte-Carlo simulationsr the ZeroBias data this
is accomplished by introducing a “fake” dimuon vertex in&zk event as a proxy for
an exclusive dimuon interaction. The fake dimuon vertextfmosis chosen with a
fixed position inz andy and Gaussian distribution in, with (z), (y), (z) ando(z)

corresponding to the measured beamspot profile computeduwmlay-run basis. The
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extra-track veto is then applied around this position, dredvent is accepted if no
tracks fall withing the veto.

The efficiency and rejection of the track-veto are studied famction of the veto-size
for the ZeroBias “signal” and Drell-Yan background (Figsife7 for the comparison
and Figure 5.8 for the full data computation). With no extestices in the ZeroBias,
the efficiency approached)0% as expected for the no-pileup situation. With the
addition of overlap events the efficiency decreases, ragchi~ 65% with 8 extra
vertices reconstructed.
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Figure 5.7: Efficiency vs. distance to closest track computed with "fake” vertex oueth
ZeroBias data (right) and for Drell-Yan Monte-Carlo events (left).

The properties of the extra tracks are displayed on the ploEgure 5.9. Among
selected events passing all the trigger and kinematicrietiteacks within the range
0 — 2 mm around the primary dimuon vertex are chosen to fill theogistms. The
large majority of these tracks have a large number of hits94f% are tagged as high-
purity tracks. Most of them are reconstructed with a trarsvenomentum below
1 GeV, down to100 MeV.
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Figure 5.9: Properties of extra tracks within tlemm range around the primary vertex.
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5.4 Pileup effect on track-veto

An additional correction is applied to account for the preseof extra interactions
in the same crossing as a signal event. These pileup intEmacwill result in an
inefficiency if they produce a track with a position withinetmominal2 mm veto
around the dimuon vertex. This effect is studied in ZeroRiag& using the method
described in Sectiof.3. The nominaR mm veto is then applied around the dimuon
vertex, and the event is accepted if no tracks fall withing ¥ieto. Efficiencies are
computed for each different beam bunch crossing configurgiter unit of roughly 25
seconds. They are reweighted according to the associatethliged instantaneous
luminosity per bunch. The resulting corrections 8%e59% for Run2010A, 91.85%

for Run2010B, and92.29% for the full 2010 data set, with negligible statistical un-
certainties.

The exclusivity efficiency variation with time is displayadFigure/ 5.10, where the
2 mm track-veto (averaged over all beam configurations of & isushown for each
run, labelled from 1 to 281. For runs within the sam fill, the efficiency increases
with time, due to lower population of the proton bunches atahd of a fill. Similarly,
the efficiency decreases in the later runs, correspondihigyteer pileup.
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Figure 5.10:Track-based exclusivity efficiency vs. Run number, for a 2 mm vieem s
The efficiency (averaged over all runs) with respect to BuGobissing (BX) is dis-

played in Figuré 5.11 (right); no significant dependencebiseoved.

This dependence of the efficiency with the pileup conditisndearly visible in Fig-
ure[5.12, showing the mean efficiency with respect to thairtaheous delivered lu-
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Figure 5.11: Track-based exclusivity efficiency vs. bunch-crossing (right) /@ mm veto
size. The weight associated to each run of Figure|5.10 is also displajgd (

minosity expressed ipb~!s~!. Two different regimes are observed: for events taken
with £ < 0.35 ub~'s™!, the efficiency is decreasing as

€ = 0.9988 — 0.2085 x L
while for higher instantaneous luminosities, the reducislarger as

e =1.0194 — 0.2810 x L
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Figure 5.12: Track-based exclusivity efficiency vs. instantaneous luminosity, foman veto
size
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As a cross-check, an alternative efficiency computatios tise track-veto efficiency
as a function of the number of visible primary vertices, riglveed by theN — 1
vertex multiplicity derived from inclusive dimuon dataggered on the same data-
taking period. The method, illustrated in Figlre 5.13, lissin a92.55% efficiency
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Figure 5.13:Track-based exclusivity efficiency vs. the number the number ofleisibrtices
derived from the "fake vertex” method in ZeroBias data (black dotdpinRine shows the
(N — 1) vertices distribution derived from inclusiye™;;~ data, while the shaded zone is the
multiplication of both.

correction for the wholdRun2010 era, which is fully consistent with thg2.29%
found with the nominal method, both with negligeable steéd uncertainties.
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Chapter 6

Measurements of exclusive
dimuons with the CMS detector

“The trouble with measurement is its seem-
ing simplicity”
Unknown author

Work done in collaboration with Jonathan Hollar

First measurement is reported of the exclusive two-photodyztion of muon pairs,
vy — ptu~, in proton-proton collisions a{/s = 7 TeV. For the muon pairs with
invariant mass abovel.5 GeVic?, and withpz(u) > 4 GeV/c andn(u)| < 2.1, 148
candidates are found in thiavs data sample a39.7 pb~!, with roughly half of them
being fitted as from elastic-elastic contribution.

It shows a proof-of-principle that one can select exclugwvents produced in pileup
conditions with the set of techniques developed in the prevchapter.

The characteristic distributions of the muon pairs produgia v+ fusion are well
described by the full Monte-Carlo simulation using the LRA3vent generator. Small
and well understood Drell-Yan background to the procesbseved.

The exclusive photo-production of vector meseits — J/¥p (71 candidates) and
~vP — T (64 candidates) have also been observed.

109
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6.1 Exclusive dimuon final states phenomenology

The two-photon production of muon pairs is a pure QED pracéssincoming pro-
tons from theLHC beamline exchange photons with small virtualities. Phetuse
to produce a pair of muons which is possibly detected withendentralcms detec-
tor. After photon-exchange, the two protons remain intact are scattered at small
angle. The process is schematically represented by itsnka@yrdiagram on the left
side in Figure 6.]1. Unless on can tag the protons with the IRigitision Spectrom-

Figure 6.1:Feynman diagrams for exclusive and semi-exclusive dimuon siglaaltieelastic
vy — pp~ (left), elastic-inelastic (middle) and inelastic-inelastic (right).

eter stations (which is not available in 2010-2011 run® sbmi-exclusive processes
involving (single— anddouble—) inelastic photon exchange, hence leading to pro-
ton dissociation, become an irreducible background thetisi¢o be suppressed (see
middle and right side of Figure 6.1). The expectations framltPAIR Monte-Carlo
generator —for which the generation principles have beémildd in Section 2.3— for
Vs = 7 TeV, with acceptance cuts gn-(1) > 1.5 GeV andjn(u)| < 3 are:

o(pp(yy) — putu~p) = 108.5 pb
a(pp(yy) — putp~Y) = 122.1pb 6.1)
o(pp(yy) = YipTp~Ys) = 47.4pb

with Y representing the proton-dissociative part. The eladtistie cross-section is
known at the impressive precision 6f(1%), which makes it a strong candidate pro-
cess for the integrated luminosity calibration as detaite@haptef 7.

On the contrary, inelastic photon-exchange processes ach fass controlled theo-
retically, and require inputs from the proton structurechion measurement and cor-
rections for proton rescattering. One usually assige$’a uncertainty on the photon
flux.
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However, these semi-exclusive events have significantlglifiedl kinematical distri-

butions compared to the elastic-elastic signal, and thiasvdbr an efficient sepa-
ration. The phenomenology of these different interactisnshown in Figure 6.2.
Acceptance cutpr(u) > 3 GeV and|n(u)| < 2.5 are applied to all Monte-Carlo
samples. From top to bottom, from left to right, thé .~ invariant mass, the single
muon transverse momentum, the balancepr(u™) — pr (1~ )| and the acoplanarity
|p(u™) — p(u™)|/m are displayed. It clearly shows that, at least at generatet,|the
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Figure 6.2:Muon kinematics comparison for elastic and inelastic photon-exchaogegses,
with pr(p) > 3 GeV and|n(u)| < 2.5

elastic-elastic signal has the unique property to have sipooduced back-to-back in
the transverse plané\g ~ =) and balanced ipr (Apr ~ 0). These striking features
are present thanks to the very small virtualities of the exged photons.

Another source of exclusive muons comes from the photoyatiah of vector mesons
J/U, ¥(2S5), T(15), T(2S), YT(3S) decaying to two muons (see left side in Fig-
ure 6.3, resulting from the interaction of a pomeron witfg &xcitation from a photon.



112 Chapter 6. Measurements of exclusive dimuons with the CMS detector

Figure 6.3:Feynman diagrams contributing to exclusive quarkonium signal: phaigdption
of T (left) and CEP ofy, states (right). Similar diagrams can be drawn for the photo-production
of J/¥ and for the corresponding CEP gf.

While photo-produced events result from different physiexpss, their experimen-
tal signatures are very similar to they — p*tp~ ones. However, they are eas-
ily suppressed by adding a cut window on the invariant massngructed with the
two muons. Kinematical distributions for the elasti¢d and Y photo-production
generated with StarLight| ([90] and details in the corresjyog sections) are dis-
played in Figuré 6.4 with a comparison to the LPAIR predicticAcceptance cuts
pr(p) > 1GeV,|n(p)| < 2.5 andm < 12 GeV have been set to the whole Monte-
Carlo samples. Specific studies of observation of exclugj® and Y events at the
LHC have been performed in Sections 6.6 land 6.5 respectively.

Finally, exclusive muon pairs may also arise from the Céiixelusive Production
of x states. Strictly speaking, the muon pair is not producetlsiely as an extra
photon is created from the, andy; decays, as shown in Figure 6.3. However, the
energy of the photon is usually too soft) < 1 GeV) to produce a significant
signal above the calorimeter noise. The photon energy spedtom the CEP ofy,,
(left) and x. (right) as predicted by the SuperChic generator ([92] andildein the
corresponding sections) is shown in Figure 6.5.
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6.2 Event selection

The dataset used for this analysis corresponds to an itéeidtaninosity 0839.70 pb—1,
collected at a center of mass energy = 7 TeV. In order to maintain a consistent
trigger selection across the entire dataset, several Pipniary Datasets are used for
different data-taking periods, similary asiin [7].

The selection of signal proceeds in three steps. First, ftmmsample of triggered
events, the exclusivity selection is performed to keep embnts with no other tracks
than the two muons. Then, the muons are required to satisfie $dentification cri-
teria. Finally, highly-constrained 4-momentum of the sigmuons is used to apply
strong kinematic cuts. All selection steps are describelarfollowing.

6.2.1 Trigger and muon selection

Events were selected online by an algorithm trigger reqgithe presence of two
muons with a minimunmpr of 3 GeV. Muons are reconstructed offline by combining
information from the muon chambers with charged tracksnetacted in the silicon
tracker, using a “tight” muon selection [89, 7]. We requeséa of oppositely charged
muons, both passing the muon selection.

6.2.2 \ertexing and tracking exclusivity

The selection requires a valid vertex with exactly two myomish very loose con-
straint on the observeg?. The power of the selection criteria is illustrated in Fig-
ure/5.6 and commented in the text. The dimuon vertex is furéguired to be con-
sistent with a collision ircmMs, by requiring|z| < 24 cm, and a transverse position
0.05 < |dxy| < 0.15 cm. The asymmetric cut is due to thenm difference between
beam center andms origin coordinates in transverse plane.

In order to reduce the background from inclusive Drell-Yad CD dimuon produc-
tions, which typically have many tracks originating frone ttame vertex as a prompt
muon pair, the dimuon vertex is required to be separated Bymm from any addi-
tional tracks in the event, using the method developed iti®€b.3.

6.2.3 Kinematic selection

In order to minimize systematic uncertainties related talefling of the muon effi-
ciencies, only muons withr > 4 GeV and|n| < 2.1 are retained. In addition, the
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contribution from exclusive photo-productiongp — Yp — ™~ p is removed by
requiring the muons have an invariant masg:u) > 11.5 GeV.

A possible contamination could arise from cosmic muonsgctviiill produce similar
signature as the signal from exclusive — p*u~. However, they will be back-
to-back in the transverse and in the longitudinal planesjuRig an opening angle
smaller than0.95x will therefore eliminate any cosmic muons contribution & d
cussed in 7.3.7.

In order to further suppress the proton-dissociation bamkgd, the muon pair is re-
quired to be back-to-back in azimuthal angl&¢(uu) /x| > 0.9) and balanced in
momentum in the transverse plan&pr(uup)| < 1.0 GeV).

The effect of each step of the selection on the data and sagibbackground Monte-
Carlo samples is shown in Table 6.1. After all selectiorecidt are applied 148 events
remain, where from simulation half are expected to be si@ilaktic- Elastic events.

The contribution from exclusive production &f andy; is not simulated here, and

Selection Data Signal pdiss Doublepdiss DY
Trigger 7.87M 301.44 522.89 276.80 54563
Vertex + Track-exclusivityl 921  246.91 436.85 197.12 55.88
Muon ID 724  193.38 335.46 159.59 52.84
pr > 4GeV,|n| < 2.1 438 131.68 240.83 106.42 19.70
m(up) > 11.5 GeV 270 94.52 187.26 85.79 12.49
3D-angle< 0.957 257 87.18 178.43 83.33 12.06
1—|A¢/m| < 0.1 203 87.18 126.22 41.01 8.33
|Apr| < 1.0 GeV 148 86.39 78.63 16.06 2.74

Table 6.1:Number of events selected in data and number of signal and backbespected
from simulation for an integrated luminosity 89.7 pb~* at each selection step. For entries in
the line “Muon ID” and below, all efficiency corrections are applied to tiheugation.

therefore contributes in the data before requirim@.y) > 11.5 GeV.

Two event display of exclusive dimuon events passing theebelection and recorded
with single interaction beam-crossing are shown in FiguBe he same display prop-
erties than in Figure 1.5 have been usggi(EcAL)> 400 MeV, Ex(HCAL)> 1 GeV,
pr(track)> 100 MeV. Except thedCAL energy deposit
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ent at LHC, CERN
Data recorded: Mon Oct 4 20:29:17 2010 CEST -~
Run/Event: 147196 / 60989571 >
Lumi section: 62 =

CMS Experiment at LHC, CERN

Data recorded: Sun Oct 17 01:35:10 2010 CEST -~
Run/Event: 148029 / 348687590
Lumi section: 445

Figure 6.6:Event display of exclusive dimuon events in single interaction beamiogpss
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6.3 Data-driven efficiency correction

6.3.1 Muons efficiency

The trigger and offline muon selection efficiencies are olgi@ifrom the Tag-&-
Probe [89] method using the samples of inclusive) — pp andZ — pup events
from data and Monte-Carlo. These control samples are tréggen one leg only,
such that the other track leg used to evaluate the efficienapliased. Below; =
20 GeV muons fromJ /4 are used, while above 20 GeV muons fr@hare used. The
efficiencies are measured in binsgf, unsignedy, and charge. In addition, due to
the change in_.1 trigger and the introduction of the cascade algorithn#/dtT’, the
efficiencies are separated betwdum2010A and Run2010B. The resulting effi-
ciency corrections are displayed in Figures 6.7, wherestlmive difference between
data and Monte-Carlo simulation shown in each bin is apg®ad correction to the
Monte-Carlo. It has to be noticed that the applied efficieacre also computed as
function of the muon charge, while it is integrated over fu plot.

P S I
30 40 20

30 40 60
P, (1) [GeV] P, (W) [GeV]

Figure 6.7:Single Muon efficiency correction fal LT + Muon I D steps as a function of
pr(w) andn(p) integrated on charge, f®un2010A (left) andRun2010B (right) periods.

6.3.2 Tracking and Vertexing efficiency

The tracking efficiency is determined using the Tag-&-Probethod onJ/¢ —
pTp~ events. This is done by requiring a muon tag that, when coedbinith a
stand-alone muon reconstructed without the silicon tragkis consistent with &/4.
The tracking efficiency is then measured on the unbiased-stlime muon probe leg.
The efficiencies are measured in data and Monte-Carlo sfiongintegrated over



118 Chapter 6. Measurements of exclusive dimuons with the CMS detector

[n| < 2.1, pr > 4 GeV, and taken to be uncorrelated between the two tracks. The
resulting data/MC ratio for the pair ¢09.18 + 0.14)% is applied as a correction to
the efficiency.

As the vertexing efficiencies between data and simulatioremgat &9.97%-level
(see Section 5.3), no correction is applied for such effects

6.3.3 Pileup efficiency

Another correction is applied to the Monte-Carlo simulatto account for pileup
events in the triggered data, while LPAIR and Pythia Montl@€samples were gen-
erated without any extra simultaneous interaction. In thiedfata sample the average
number of extra vertices is 2-3, with less than 10% wthl extra vertices. Follow-
ing the computations from Section 5.4, correction9869% for Run2010A and
91.85% for Run2010B are used.

6.4 Observation of exclusiveyy — u*u~

The final invariant mass distribution in the signal regiditemapplying all selections
and efficiency corrections is shown in Figlre]6.8. The Mddéelo contribution has
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Figure 6.8:Invariant mass spectrum, with all selections applied.
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been normalized to the best-fit signal and background yielu the luminosity study
in Section 7.2.

The highest-mass event is & GeV, no events consistent withh — u*p~ are ob-
served, as expected for exclusive production in whichthe— Z process is forbid-
den at tree-level.

In Figures 6.9- 6.11, the data and Monte-Carlo expectatomsimilarly compared for
thepr, n, ¢ of single muons passing all selections, but the one disgldyelevant.
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Figure 6.9:Single muon pseudo-rapidity with all selections applied but;tbat, for ™ (left)
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Figure 6.10:Single muon transverse momentum with all selections applied byt tloat, for
pt (left) andp~ (right).
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Figure 6.11:Single Muon¢ angle with all selections applied, far" (left) andp ™ (right).

In Figures 6.12- 6.14 ther, n, Apr, A¢, Anare plotted for the muon pair.

> T R BAS R a e ma N (i P
£ ] o F ]
o 35; —e— data E 9 250 ]
o = I EL-EL  yy - 'y E S r ]
S 30; [ Inel.-El.  yy - p'w 3 > r ]
3 _F I nel-inel. vy - k| w20 —
E 25 . 7y - E F 1
4 20f E 155 1
3 E 10 ]
10 - C ]
F 5F .
5H = C ]
e . +\HH.HF ot 7

0 0.5 1 1.5 25 3 3(.35 2 -15 -1 05 0 05 1 15 2
p, () [GeV] )

Figure 6.12:Muon pair transverse momentum (left) and pseudo-rapidity (right).

The detection of exclusive muon pairs produced through ghaton interactions is

the concretén — situ demonstration of the performance of the methods for selgcti
exclusive events developed in the previous chapter anérmty need to make it

within pileup environment.

The characteristic distributions of the muon pairs produda v~ fusion, as the dis-
tributions of pair acoplanarity and its transverse momentre well described by the
full Monte-Carlo simulation using the matrix-element LIBA¢vent generator and the
single muon corrections for muon triggering, tracking aedonstruction from Tag-
&-Probe method. The observed background from inclusivdlDYan and detection
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Figure 6.13:Transverse momentum difference (left) and acoplanarity (right), witbtlaer
selections applied.
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Figure 6.14:Transverse momentum difference (left) and acoplanarity (right), viitsetec-
tions applied.

is well understood, and the detection efficiencies are ugded control, including
corrections for the significant event pileup.

This observed agreement between data and MC predictioneress the idea to use
deviations from the Standard Model rates and kinematicgabeonew physics, as
in the search for anomalous quartic gauge couplings. Irtiaddthese reactions are
good candidates for the absolute luminosity calibrationaj@er 7) and for the a pre-
cision calibration of momentum scale and resolutiorP&.

In 39.7 pb~!, the measured cross-section for e — putp~p prediction in the
kinematic regionpr () > 4 GeV, || < 2.1is3.35275-3% (stat.) 4 0.146 (sys.) pb
with respectively statistical and systematic errors. Tymesnatic errors are coming
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from studies performed in the next chapter. That valuestbs tompared t¢.079 +
0.163(lumi.) & 0.041(theory) pb predicted by LPAIR, with the% uncertainty on
the delivered luminosity atms.

6.5 Observation ofyp — Tp

The search for exclusive Upsilon photo-production is prenfed using the same selec-
tions and cuts than for they — p*p~ one. The mass window is however restricted
t08.5 < m < 11.5 GeV only for the search, and ih1 < m < 10.6 GeV for the data
and Monte-Carlo comparison.

The mass spectrum is shown in Figure 6.15, among with theceaipen of two-photon
processes from LPAIR, inclusive Drell-Yan from Pythia ayil — T — p* ™ from
StarLight [90].
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Figure 6.15:Invariant mass spectrum ii mass range, with all selections applied. Data is
compared to the prediction from StarLight (blue), exclusive LPAIRIge) and semi-exclusive
LPAIR (green).

The StarLight Monte-Carlo generator is meant for, amongmphocesses, the simula-
tion of exclusive photo-production of vector mesgi{yP) — pV Mp. The generator

uses the usual equivalent photon spectrum fonthiele, and photon-proton cross sec-
tion as measured by experiments4&RA and at fixed target experiments with lepton
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beams are used as input for tReside. For the Upsilon photo-production, the pa-
rameterizations,,, = 0.06 W, pb (with W in GeV), which is in agreement with
both HERA results, was used to compute the cross-section. Takingaittount the
branching ratio&(n.S) — u*p~, the StarLight predictions foy/s = 7 TeV are:

a(pp(vP) — pY(Ls)p) x BR(T(1S) — u*u™) = 13.5pb
o(pp(vP) — pY(2s)p) x BR(T(2S) — u*p™) = 4.5pb (6.2)
o(pp(YP) — pY(3s)p) x BR(T(3S) — u*pu™) 3.6 pb

The expectation of StarLight Monte-Carlo, with all muomdking and pileup correc-
tions applied is 36.8 events. However, one needs to remiadirielasticY photo-
production simulation is not included.

Alternatively, a fit on the data is performed to retrieve thial yield. A single Gaus-
sian with floating mean and width is used for ffi€1S) resonance, a flat background
for the continuumm~y — pp~, and theY(25) and Y (3S) means and widths are
fixed to the nominal PDG values. The fit results predict yiefd®ughly27 : 13 : 6
events forY'(1 : 2 : 3 S) respectively.

T ™ T T

‘N{Upsilon(18)) = 27.3+63 =
N(Upsilon{25)) = 12.8+ 4.8
N(Upsilon(3S)) = 6.0+ 4.6
N(two-photon events) = 102+ 12
Two-photon pd = 0.09+ 0.30
Upsilon(1S) mass = 9.450 = 0.020
Upsilon(1S) width = 0.079 + 0.018
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Figure 6.16:Fit on the invariant mass spectrum. Details in the text.

The comparison of the data and the Monte-Carlo simulatidioig in Figurels 6.17 to
6.19, with the mass window restricteddd < m < 10.6 GeV and all other selection
cuts as before. From top to bottom, plots show the dimuaatedlkinematicg?- (1)



124 Chapter 6. Measurements of exclusive dimuons with the CMS detector

o N

> r ] = - n
B 25 E 12: :
— r ] c - 1
H - B O 10 -
o r B > L i
g 20 E 1
s I ] 8- .
@ 15[ : - ;
- ] 6 7]
10f- ] C ]
C ] af- .
5 1 7 -

0 2 2.25 0 2 15 -1 05 0 05 1 15 2
P2(Hy) [GeV7] n(uw)

Figure 6.17:Muon pair transverse momentum squared (left) and pseudo-rapigiiy)(r

S 2 ey 1 B e g
) E [=3 o ]
o 20 ERR=E =
— 18 4 g ¢t ]
o ] 2 14 -
,\@ 16: E g E B
S b 4 @ ¥ E
0 12f i wF E
10F 3 - =
aE = E E
6F = c g
4 E - 1
2F E 2 E

0 06 08 1 Y . )
HU A p | [GeV] pp 1-A @/ Ty

Figure 6.18:Transverse momentum difference (left) and acoplanarity (right).
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andn(up); the acoplanarity angr-balance; th& D opening angle and the transverse
vertex position.

Assuming that the differences in the data and Monte-Cantoparisons come only
from the StarLight exclusiv&l part, as the agreement of the LPAIR two-photon pro-
duction of muon pairs with the data outside the Upsilon masge was excellent, sev-
eral conclusions may be drawn, with the large caution thn@lastic photo-produced
events and no CEP processes were included in the simulation.

With limited statistics, one can however shows that thespectrum is not well re-
produced by the StarLight plus LPAIR Monte-Carlo sampleke Teasons for such
difference may be double. First, as demonstrated in [90htwm mechanical inter-
ferences although it does not affect the cross-sectiorevala significant way, it may
alter thepr spectrum near mid-rapidity. Secondly, inelastic photodpiction should

contribute at highep, values, where precisely Monte-Carlo expectation is in defic

Similar discrepancies are also visible in the spectrum, where more data populate
the tail than expected with purely exclusi¥eplus LPAIR; but fewer are found in the
first bin.

Among the other distributions, once can notice that no evarg found with a highly-
displaced transverse vertex, which would have been theddigipossible contamina-
tion by inclusiveY events.

Contamination from pp(CEP) — pxup

The contribution of events in th&(15) peak due to central exclusive production
of x, was investigated through the simulation of such procesébstine SuperChic
generator [92], based on publications [93, 94, 95]. One efrtfajor ingredient for
the cross-section estimation is the value of the survivabability (S?) that the pro-
tons will survive despite soft rescattering between théqm® (noteds?,, for eikonal
factor) and the interactions between intermediate partoatedS?,, for enhanced
factor).

Using the nominal survival factor 8%, = 3.6%,11% and8.8% respectively for
X0, Xp1 and xp2, and S2 , = 45% for all, the production cross-sections lead to
significant rate of exclusive, states produced during the 2010 period at the LHC,
up to 105 pb for the CEP ofy,(07"). However, taking into account the recently

published measurementsgf, — Y (1s) branching ratios froncLEO [96], and the
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decay rate off'(1.5) into two muons from the PDG, one gets:

o(pp(CEP) — pxwop) x BR(xe0 — 7 Y(1S) = yptp~™) = 0.0494 pb
o(pp(CEP) — pxu1p) X BR(xp1 — v Y(1S) = yptp™) = 0.0026 pb
o(pp(CEP) — pxp2p) X BR(xp2 — v Y(1S) = yptp™) = 0.0057 pb

Generated events were passed through the same recomstraotl analysis proce-
dure. With all corrections applied, the prediction is onfy0®263 events for the data
collected in39.7 pb~! with the present selection criteria.

6.6 Observation ofyp — J/Up

Due to different kinematics involved in the process, thelysis of exclusiveJ/¥
production requests different selection criteria. Inddmstause of the low-mass of
the J/¥ around3.1 GeV and since the vector meson state is produced almosttat res
in the transverse plane but boosted in one direction,ifinal state muons are in
general of very lowpr and highs. That demands by consequence a modification of
the requirement at each steps of the selection, from thgetrigp the kinematics.

On online selected events by a spediLT path (see Appendix /A), looser muon
reconstruction criteria than before are applied, keepinlg the requirement to have
tracker muons. Since the reconstruction has been seedenlyhyaazker track with
pr > 0.5 GeV matching at least one muon segment, a specific muon fidatit

has to be applied to discriminate between real muons whieh temdency to pene-
trate through the whole muon system or fake signal from kaoxdshadrons which are
usually stopped earlier [97].

To account for specific kinematics of tbig¥ events pr threshold was removed and
in addition, the pseudo-rapidity cut was enlargedio< 2.4 instead of2.1 in the
other analyzes. To avoid displaced vector meson vertioes inclusive production,
we restricted the allowed transverse vertex positidi.® 1.2] cm instead of the usual
[0.5,1.5] cm. The same tracking and vertexing exclusivity condititves before were
applied.

The mass spectrum, from the lowest-mass exclusive dimuenteecorded:p =
2.64 GeV) to 4.5 GeV is shown in Figure 6.20 with the expectatiamfrexclusive

ITML.ast St at i onAngLoose
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pp(vP) — pJ/¥p process generated with StarLight, and the central exdysie-
ductions ofx.g, x.1 andx.2. One can notice a clear peak round the vector meson
mass, plus a second arouBd” GeV corresponding to the exclusivig(2S) photo-
production.
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Figure 6.20:Invariant mass spectrum if/¥ mass range. Uncorrected Monte-Carlo predic-
tions from StarLight (pink) and SuperChic (yellow) are also displayed.

The parameterization used to compute th@ photo-production production cross-
section,o,, = 1.5 W,® pb (with W in GeV), gives the following prediction for
Vs ="TTeV:

o(pp(yP) — pJ/¥p) x BR(J/¥ — pu~) = 3024.3 pb (6.3)

However, it clearly shows that other sources of exclusiy@ production than the
elastic photo-production generated by StarLight contéhlio the signal. The back-
ground from two-photon interactions can be estimated bigdithe side-bands out of
the J/¥ peak and extrapolating into the signal region; it predict®@tamination of
1.875 events. Contamination from inclusiygd samples should also be very limited
thanks to the tight transverse vertex cut that is 4% mm around the beam spot).

Therefore, the other components should be the inelastigroduction, and the Cen-
tral Exclusive Production of. meson which decays to.&' ¥ plus a soft photon. The
prediction from SuperChic [92] computed with the PDG valoithe branching ratios
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gives:
o(pp(CEP) — pxcop) X BR(xeo = v J/¥ — yptp~) = 188.40 pb
o(pp(CEP) — pxe1p) X BR(xe1 — v J/¥ — yptp~) = 129.47pb
o(pp(CEP) — pxe2p) X BR(xe2 — v J/¥ — yutp™) = 43.06 pb

which are much higher that the ones for central exclusivelyction of x;,'s states.
The values of the eikonal survival factor for these processe3.7%, 11% and8.4%
respectively. The enhanced survival probability was caegbio be32% for whole

of them. One expects therefore a larger contamination in/ihie peak than it was
the case for thél'(1S) analysis. Numbers of the cross-section values are directly
comparable with the one of/ ¥ photo-production quoted above.

As we are dealing with a very unusual kinematical regionsighty and lowpr
muons, muons simulation and reconstruction in this rangaat perfectly controlled.
Extra efforts have to be done to get the correct efficiencypmyato those muons for
a full analysis, and to have a clear knowledge of the diffecentributions from CEP
and photo-production.

In addition, as it was demonstrated in [98], the theoretizalertainty on the gluon
density and the experimental uncertainty on the pomeromaeirvisibility are such
that non-exclusive background from double-pomeron exgbamocesses could be of
similar level as the exclusivg,. signal at theLHc, and have to be consider in the
present analysis.

Exclusive photo-production at the LHC

Although photo-production processes come from differgpétof physics involving
photon and hadronic objects, their final states are prodwithdsimilar experimental
signature of exclusive muon pairs with striking kinematiecan two-photon type of
events. Therefore, all selection techniques developethtoselection opp(yy) —
pu™ " p events are directly applicable to detect exclusive photahpction. With the
observation of the// ¥, ¥(2S) andY (nS) peaks in the invariant mass distribution of
exclusive muon pairs, new possibilities to study diffrantat high energy appear.

The measurement of any cross-section is a difficult studgdklé. Indeed, the value
of o(yp — V Mp) is irrelevant if not quoted as a function f,,,, the photon-proton
center of mass. AHERA, this task was simplified by the fact that the "proton side’
and the 'photon side’ were clearly identified, and the receasily measurable. On
the contrary at theHc, there is no possibility to distinguish which proton endttbe
pomeron or the photon.
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Chapter 7

Absolute luminosity calibration

“For offline analyzes, the design goal is a systematic
accuracy of 5%, although every reasonable effort will
be made to produce a more accurate result”

CMS TDR, 'Luminosity’ chapter (2006)

The integrated luminosity is a fundamental quantity to &lygics analyzes for an
absolute normalization of the observed cross-sectiors iSkEssential when the results
have to be putin perspective with the expectation from teemyy for instance to claim
a discovery or to release precision measurement. The deggion of the absolute
luminosity, i.e. the number of delivered collisions between protons, haetbee to
be measured with the highest accuracy.

7.1 LHC Luminosity determination

Within cms, the instantaneous and integrated luminosities for theD 20dta were
initially measured from the occupancy of the detector [99]. Two different methods
to get the real-time luminosity are used: the measuremetiieofiverage fraction
of empty HF towers to derive the mean number of interactions per bunchserg
("zero-counting” method), or alternatively the measuratnaf average energy per
tower which scales linearly with the luminosity. Overallibeation is performed with
Van der Meer scans aiming to measure size and shape of thiedtibe region by
recording the relative interaction rate as a function ofskerse beam separation. The
overall systematic error on the absolditen: value of4% is dominated by theHcC

131
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beam current intensity uncertainty.1%), by the variation between both methods
(2.5%) and by length-scale for beam-separation determinali@¥).

An alternative method to normalized the luminosity is to harthe production rate
of W and Z vector bosons and compare them to NNLO calculations [100§ fain
issues are from the uncertainties on the PDF and the geenaetréptance of the de-
tectors.

Since the exclusive two-photon production of lepton paréasically a pure QED
process, with small theoretical uncertainties and stgkimematic distributions, it
comes to be an attractive candidate for absolute calibratiduminosity ofpp col-
lisions [31, 32]. Indeed, detailed studies showed thatembions due to hadronic
interactions between the elastically scattered protoesvatl below 2% and can be
safely neglected [31].

7.2 Signal selection

After all selections and muon corrections applied, préalicirom the Table 6.1 is that
the sample of exclusive dimuon consists roughly of 50% ofiaigind 50% of irre-
ducible background dominated by single photon-exchangegsses. For the future
luminosity calibration, ones wants to extract only the éxantribution from elastic-
elastic signal, with a minimum of contamination from (simgind double) inelastic
photon-exchange backgrounds. Hopefully, as it can beegroéd on generator-level
distributions in Figure 6.2, these processes have signfficanodified kinematics,
which allow for an effective separation.

The elastigp(yy) — pu™ ™ p contribution is therefore extracted by performing a 1-
D binned maximum-likelihood fit to the (uu) distribution. Monte-Carlo templates
are used for the elastic-elastic signal, single ineladtable inelastic, and Drell-Yan
contributions forL, = 39.7 pb~! and all corrections applied, as displayed in Fig-
ure[7.1. This variable has the advantage to be directlye®ltat thet variable and
therefore expects significantly different shapes for tigaai and the background: the
elastic-elastieyy — u* ™ process is peaked in the 'smali-(uu) region’, and drops
rapidly with almost no contribution aboye- () = 0.5 GeV; while for the single-
inelastic processes, events rather populate the "bigl) region’ with a large tail.

The fit contains 3 free parameters: one for the global nomatdin and two for the
single inelastic process modelling: one parameter to coite yield relative to the
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Figure 7.1: Input data (top left) and Monte-Carlo templates for the fit, with elastic-elastic
(top right), elastic-inelastic (bottom left), inelastic-inelastic and Drell-Yare¢grand red in
bottom right) contributions. For each process, all muon efficiencyections are applied and
distributions are normalized to 39.7 ph

LPAIR prediction (V) and another to correct the slope of proton distributiorhvait
exponential factord in e*‘”’%) are introduced. The third parametdr)( applied to
all templates, is the Monte-Carlo normalization to the datad is directly equiva-
lent to the elastic signal yield relative to the LPAIR preitin for 39.7 pb~!. The
double-inelastic and Drell-Yapr(uu) shapes are fixed from simulation, while the
small contribution from exclusivey — 7+7~ is neglected (see discussions in the
systematics section).

Procedure can be schematically summarized as:
hData - th([hElel + hDY + hlnelflnel] X L+
[hlnelel] X L XN x eiap%)
with hx the Monte-Carlo template of the- () distribution for process.

The philosophy of this parameterization is to use the adgnof the extremely well
predicted yield and shape of the elastic-elastic signat thédi correction to the abso-
lute luminosity as the global yield normalization. Indeptkvious and current mea-
surements of exclusive lepton pairskat [101], cDF [102] andLHC-b [103] are in

agreement with th LPAIR predictions. The major irreducibéekground consisting
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in the single-inelastic process, is treated separatellydrfit as large uncertainties re-
main, by allowing for a separate data-driven normalizatind shape modelling.

The nominal fit procedure is done wittdal5 GeV bin width in the rang§, 3] GeV.
The resolution, purity and stability of each bin has been mated using LPAIR
Monte-Carlo signals. The absolute resolution is obtaingditing the distribution
of (reco — gen) pr distribution with a Gaussian of null mean, and usedhealues
and their errors to build the plot in Figure 7.2. The resolufii rather constant around
70 MeV.

The purity (as a function aofeco pr, fraction of events which originate from this bin
at gen level) and stability (as a function gfen pr, fraction of events which remain
afterreco step) plots also show constant result over the wpelspectrum, but for the

first bin in which a bias is introduced due to the fact thatcannot be reconstructed
with negative value.
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The best fit to the data is shown in Figlre 7.3, which showsttimbest-fit curve is
consistent with the observed- (1) distribution within the experimental errors. The
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Figure 7.3:Best fit to thepr () distribution.

use the log-likelihood method ensures that the likelihaobliilt assuming a Poisson
distribution in each bin, such that empty data bins in the&keaund region are treated
correctly. The fit result on the luminosity and inelasticreation parameters gives:

slope: a = 0.042+0792
inelastic yield: N = 0.987F
luminosity: L = 0.82215139

0 5ee (7.1)

with statistical asymmetric errors computed withnos, i.c. with other parameters
fixed to their best-fit value. The luminosity correction facand the single-inelastic
yields in particular are highly correlated:

Parameter Global slope inelastic yield luminosity
slope 0.732 1.000 0.607 0.255
inelastic yield| 0.912 0.607 1.000 -0.813
luminosity 0.866 0.255 -0.813 1.000
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The resulting & and 2 intervals projected onto each pair of fit variables are dippdl
in Figure 7.4.

For any values of the inelastic yield ratio and slope coiaatithin their 1o contour,
the extreme values of the luminosity calibration 63& and101%. In particular, the
no-correction value for the luminosity.(= 100%) may be obtained for an integrated
single-inelastic normalisationi.¢. the effect of N anda combined) 0f63% to 68%
with respect to the LPAIR prediction.

7.3 Systematic effects

Systematic uncertainties related to the pileup efficieraryection, muon trigger and
reconstruction efficiency corrections, momentum scah; crossing angle and de-
scription of the backgrounds in the fit are considered.

7.3.1 Pileup correction systematics

The track-veto efficiency is studied in ZeroBias data by wayyhe nominal veto dis-
tance from 1.0 to 4.0 mm, and by varying the quality cuts anchlver of hits on
tracks considered for the veto. The same method as desdnilssttion 5.3 has been
used;.e. compute the track-veto efficiency around a fake 2-trackexemd reweight
each efficiency by the relative instantaneous luminosityefch bunch-crossing. The
resulting changes from the nomirtgl.29% efficiency are shown in Table 7.1. The re-
sults are further compared to the effect of applying the seamiations to the selected
sample of dimuon events, removing tifemass cutn < 11.5 GeV to increase the
statistics with exclusive Upsilon photo-produced eveirtdjoth samples the relative
change in selected events is consistent.

Any efficiency dependence with the pileup conditions hasifeend by splitting the
whole sample into two almost equivalent parts. In the figsb3pb—! where the pileup
efficiency correction i94.29%, 78 events have been found, in which the fit extracts an
Elastic-Elastic contribution of1.0"33 events; while for the lagt0.95pb~! with a PU
correction 000.18%, a total of70 events are selected, with fitted signal contribution of
29.8723 events. Both are consistent withir, and even more if one remembers that
the signal and background yields are highly anti-correlatech that N, L) couple

values extend to large part of the phase space.
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Exclusivity-selection ZBdata ppdata ZBratio  pp ratio
track-distance< 1.0 mm 95.01% 270 0.971 0.981
track-distance< 2.0 mm 92.29% 265 1 1
track-distance< 3.0 mm 89.61% 259 1.030 1.023
track-distance< 4.0 mm 87.16% 254 1.059 1.043
high-purity tracks 93.14% 269 0.991 0.985
> 10 track hits 94.04% 270 0.981 0.982
high-purity with> 10 track hits | 94.07% 270 0.981 0.981

Table 7.1:Selection efficiencies for different track-veto size and quality selectiGokimns 3
and 4 show the relative difference from the nominal 2 mm veto, for Bewdata and selected
dimuon events.

7.3.2 Muon efficiencies

The statistical uncertainty on the efficiency correctiontfgger and offline muon se-
lection is evaluated by performing a toy Monte-Carlo studwhich each single muon
efficiency correction is varied independently within ittetsstical uncertainty derived
from the Tag-&-Probe study. Variations of both muons of tlaér jare then used to
recompute the overall dimuon efficiency correction. FrorAd fseudo-experiments,
the RMS of the distribution results in an uncertainty0o$0% which is used as a
systematic uncertainty.

Additional systematic effects may come from the differemtpgerties of muons in the
J/v or Z control sample versus they — u* ™ signal. As the Tag-&-Probe study
is only sensitive to single muon efficiency, and since theestions applied are taken
as the product of the two muon efficiencies of the pair, tlereethe effect of the
correlations between muons are not modelled. A check iopagd by removing,
in the J/4 control sample, events in which the two muons bend towards ether
in ther — ¢ plane. Such events may introduce a correlation in the dingfiiziency
that wouldn’t be present in highly-separated muons likeHersignal ones. Repeating
the luminosity extraction with this change results in aefifince 0f0.25% from the
nominal yield.

7.3.3 Crossing angles

The non-null crossing angle of theic beams lead to a "kick” of the system in the
direction. Consequently, the- of the pair is over-estimated by a few MeV, especially
for high-mass dimuon events. The data have been correatduideffect by applying
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a Lorentz boost, assuming all collisions happened incthplane:

’

E 1cos(g) —sin(@) —tg(@)sin(o) E
pe | = —tg(o) 1 tg(®) X | Pa
Dz 0 7SZ'TL(¢) COS(¢) Pz

with ¢ the half-crossing angle in the: plane, with a value set tt00 prad for all runs
but 170 prad forLHC fill 1439. The fitted value of the luminosity factor changes by
0.96% relatively from nominal fit when applying the corrections.

7.3.4 Energy and momentum scale

Using studies of the muon momentum scale derived fétbr utu~, thepr of the
muons are shifted by the observed biagpr), A(¢) and other kinematics are re-
evaluated; and then the nominal fit re-performed. The regutelative change in the
luminosity fitted value i%).33%.

As a cross-check on a sample kinematically similar to theadjgve apply all selection
cuts except the veto on tHE mass region, and perform a fit to the invariant mass
spectrum in data (Figure 6.16 and details in the text). Thaltieg uncertainty on the
T(1S) mass is 20 MeV. The nominal signal fit is then performed withdhata shifted

in pr(u) by £0.02 GeV, and other kinematical quantities recomputed. No caamg
the fitted signal yield is observed.

7.3.5 Tracking and vertexing efficiency

The vertexing efficiencies between data and Monte-Carleesyat £9.97%-level,
and the0.09% uncertainty on data efficiency is taken as a systematic.error

The resulting data/MC ratio for the pair (#9.18 + 0.14)% is applied as a correction
to the efficiency, and the statistical error on the correctaken as a systematic error.

7.3.6 Fit stability

Different bin width and fit ranges have also been tested.tiBgafrom the nominal
number of 20 bins in the range-3 GeV, variations in the bin width)(15+0.05 GeV)
and fitrange[0; 3 + 1] GeV) show relative deviations by at mest3.5% with respect
to the nominal yield as shown on the Table next page.
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Fit parameters | Variation from nominal yield
[0;2] GeV 1.76%
[0; 4] GeV 2.63%
100 MeV width 2.69%
200 MeV width 3.65%

However, the variations in the fit range are not physicalltified. Extending the
range topr(upn) = 4 GeV, one starts to enter the region where the signal is mainly
dominated by doubly-inelastic photon exchanges, and finer¢he N anda param-
eters are fitted to model both single-inelastic and douldéastic processes. On the
contrary, restricting the range fa-(uu) = 2 GeV only, the side-band used for the
single-inelastic yield and shape modelling is limited tdueed statistics.

For smaller bin width, the problem appears thatthéu.) absolute resolution (70 MeV)
becomes as large as the bin width. Therefore, the computedsvaf stability and
purity are lowered by~ 10% with respect to the 50 MeV binning. For larger bin-
ning, the number of degrees of freedom becomes limited, thaththe majority of
the elastic-elastic signal is concentrated in the first Bhre fit owns only roughly one
bin to discriminate the global yield normalization. Any sysatic errors due to the
binning or range is therefore considered.

The fit bias is studied by performing a series of toy Montel€axperiments with
different input values of the luminosity and inelastic yieldV. For each benchmark
point, the number of pseudo-data is generated with a Poiistribution with mean
as expected by the Monte-Carlo simulation. The mean angl lalues of the pull
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Figure 7.5:Sanity check of the fit stability with the pull of the fitted value of the luminosity
for 1038 toy experiments. Results are compatible with a Gaussian of nail are = 1.
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distributions are consistent with zero and unity valuepeetvely, as shown in Fig-
ure 7.5 for 1038 experiments with fixdd= 90% and N = 110% for the simulation.

As a cross-check of the template shape, the shape pfthe . ~) distribution in data

is compared to the LPAIR Monte-Carlo sample in the backgdedominated regions
|[Ap(up)/m| < 0.9 and|Apr(up)| > 1.0 GeV. No source of strong disagreement is
visible with limited statistics available.
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Figure 7.6:pr (1) distribution in data (points) and simulation (histograms) for the sideband
region inl — [A¢(up)|/m and|Apr (up)|.

Finally, as another verification, a fit to the— |A¢ /x| distribution is performed with
the luminosity correction and inelastic ratio to LPAIR asdparameters. The shape
of the single-inelastic photon-exchange process is fixaah the simulation, without
reweighting of the slope with the parameter as previously done. The resulting value
of the signal ratio for the best fit value of the luminosityes0.797 13 (stat.) which

is consistent with the nominal result.

7.3.7 Backgrounds
Collision backgrounds
The yields of the double-inelastic and Drell-Yan contribos are fixed in the nomi-

nal fit. The fit is repeated with each of these varied indepetiyley a factor2. The
resulting change in the fitted signal yield<is1% (Tabl€ 7.3).



142 Chapter 7. Absolute luminosity calibration

Other exclusive backgrounds

Another exclusive process not taken into account in theipuevines is the exclusive
production of tau pairgp(yy) — pr 7~ p, with fully leptonic decay of the taus in
muons. From a Monte-Carlo sample of exclusivpairs simulated with LPAIR, the
contamination after all selection and cuts applied is @nidp15 pb, as shown in Ta-

ble[7.2.

Another source of exclusive-like dimuon is the single+diftive and double diffrac-
tive production of lepton pairs, through pomeron exchasige@lthough the pro-
duction of the muon pair is usually accompanied by extraksaroduced from the
pomeron remnant, they may still fake an exclusive state esetliracks are usually
produced at lowsr. The contamination from single pomeron exchange (SPE) and
double pomeron exchange (DPE) has therefore been checkiedhsi help of the
Pomwig Monte-Carlo generator [104]. Schematic Feynmagrdias for the DPE
and SPE production of muon pairs are drawn in Figure 7.7.

P

P p

Figure 7.7: Feynman diagrams for Single Pomeron Exchange (left) and Doublesféom
Exchange processes with 1.~ final state. The emission of a pomeron is always accompanied
by theP remnant.

For the DPE process, the visible cross-section when migidddy the assumed%
survival probability is only 1.42 pb, for0 < m,, < 120 GeV. The generated events
were passed to the same reconstruction and analysis preciédun the LPAIR sig-
nal, and cumulative result of the selection steps are shovlialble 7.2. A very low
contamination, of the order of half-an-event, is expectethé 2010 data. The major
reduction of the background is done when applying excltysaonditions, since DPE
production of Drell-Yan is accompanied with two pomeron namts produced close
the primary vertex. The only source of veto-inefficiencysas when th@ spectrum
of the remnant content is not large enough to produce détedtacks.
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Figure 7.8: Multiplicity of extra tracks associated to dimuon vertex, with all other selections
applied. The data is shown compared to the expected contributions fretlk¥an (Z2 tune,
solid histogram), dimuon-enriched QCD (light histogram) and SPE, DieEegses (yellow)
zoomed on the region neaf;.qckxs = 0.

The effect is even stronger for SPE processes as vertexihgracking exclusivity
conditions only retains- 2% of the events. This is due to the fact that only one side
is diffractive with surviving proton, while on the other sithe usual proton remnant
hadronisation takes place. With all selection criterialigolp the expected number of
SPE events from Pomwig is aroufd’5. Although it remains a large uncertainty on

Selection vy — 1t~ SPEutu~ DPEutu~
Trigger 6.12 335.01 15.79
Vertex + Track-exclusivity, 0.48 6.08 1.23
Muon ID 0.42 6.00 1.00
pr >4 GeV,|n| < 2.1 0.24 4.47 0.82
m(up) > 11.5 GeV 0.16 3.64 0.57
3D-angle< 0.957 0.16 3.55 0.55
1—1]A¢/7| < 0.1 0.16 2.11 0.50
|Apr| < 1.0 GeV 0.05 0.74 0.42

Table 7.2:Number of reducible background events expected from simulatiomfortegrated
luminosity of 39.7 pb~! at each selection step, with tl88.2% correction to the luminosity
included. For entries in the line “Muon ID” and below, all efficiency cetiens are applied to
the simulation. A survival factor value 6% was assumed for both SPE and DPE processes.
Diffractive processes have been generated with- 10 GeV such that numbers prior to mass
cut have therefore to be understood as partial numbers.

the survival probability, even 80% factor applied to both DPE and SPE would result
in only 2.5 events contaminating our sample.
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It is also worth to mention that the nominal inclusive Dreé#ln sample, which was
generated with Pythia Tune Z2 settings, was done witkhs which already include
a diffractive part. However, the present version of Pyttdaginot simulate correctly
hard diffraction, in the sense that it does not produce ehnoagidity gaps in the
Monte-Carlo with respect to what is observed in the data. l@ncontrary, if one
considers only the hard scatter, it should be correctly Etad with the same set of
Tune Z2 parameters, as they were meant to reproduce thenatiglicity and thepy
spectrum observed gfs = 7 TeV with thecms detector. Some "double counting” of
the Monte-Carlo estimation is therefore happening whehiBytclusive (which cor-
rectly models the hard scatter final states) and the Pomiiigetive (which correctly
models the forward gaps) productions are added together.

Non-collision backgrounds

The possibility of a large contamination from cosmic muamisich may fake a signal
since they will not be correlated with other tracks in thergyés studied comparing
the vertex position and three-dimensional opening angtiata and collisions simu-
lation. In Figure 7.9, the three-dimensional opening ﬂw'@leompared between data
and simulation for events passing and failing the nomin@d < |dxy| < 0.15 cm
requirement for the transverse vertex position. A total e¥/8nts fail the vertex posi-
tion selection, all having large opening angles consistgthit the expected signature
of a cosmic muon. In Figure 7.0, the transverse Znartex positions are compared
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Figure 7.9:Left: tail of the three-dimensional dimuon opening angle in data and simnlatio
Right: three-dimensional opening angle for events failing the nominsxé&ansverse position
selection.

in data and simulation for all events having a three-din@raiopening angle greater
than0.957. We conclude that no systematic error needs to be assignie 8D-

1The 3D-opening angle is defined as the arcsine of the scaldupr of the muon momentum vectors
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Figure 7.10:Left: Dimuon vertex transverse position for all events with three-dimemasio
opening angle- 0.95x. Right: Dimuon vertexZ position for all events with three-dimensional
opening angle> 0.957.

opening angle cut.

As a similar check for contamination from halo muons is perfed by applying the
nominal analysis selection to events triggered withBRFX_OR. Within the limited
statistics, zero event pass all the analysis selections.
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7.3.8 Fit systematics

The overall systematic uncertainty is evaluated by periagnthe fit with each vari-
ation applied individually. The relative difference witbspect to the nominal fit is
taken as a systematic.

Selection Variation from nominal yield
track-distance< 1.0 mm 2.12%
track-distance< 3.0 mm 3.79%
high-purity tracks 0.10%
> 10 track hits 1.35%
high-purity with> 10 track hits 1.36%
Drell-Yan x 2 0.39%
Drell-Yan /2 0.16%
double inelasticx 2 0.99%
double inelastig’2 0.13%
Momentum scale 0.33%
Crossing-angle 0.96%
Tracking efficiency 0.14%
Vertexing efficiency 0.09%
Cow-boys veto 0.25%
Muon eff. variation 0.82%

Table 7.3:Variation in fitted signal yield.

For each variation, the largest relative difference with ttominal fit is taken as a
systematic error. Summing quadratically all these coutigims givest.375%.
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7.4 Results and prospects

In officially recorded39.7 pb~! by thecms detector in 2010, the measured raio
of thepp — pu™ u~p yield to the LPAIR prediction in the kinematic regiga (1) >
4GeV,|n| < 2.1is

R =0.82270130(stat.) £ 0.036(syst.) + 0.040(lumi.) (7.2)

taking the uncertainty on the delivered luminosity apartirniing this result into a
luminosity measurement would give:

/ L dt = 32.62 7250 (stat.) £ 1.43(syst.) pb (7.3)

Because of the strong correlation of the statistical eritir the uncertainty on the in-
elastic yieldN, the value for the absolute luminosity is measured to be &ené3%
and101% for the 1o contour of N. In particular, the highest value is obtained for a
inelastic yield ratio with LPAIR prediction of 60%.
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Figure 7.11:Evolution of the statistical error on the luminosity correction fitted value with
respect to the true luminosity.

Assuming the same fitting procedure, the evolution of théssi@al error on the lu-
minosity correction value has been derived from fit resuttgseudo-data built with
known true luminosity. Obviously, identical performanéestriggering, tracking and
pileup rejection than obtained in 2010 have been assumed. r&3ult is shown in
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Figurel 7.11 for integrated luminosity up to 1fb, where the method seems to reach
a minimum of~ 3% precision on the statistical uncertainty.

However, with higher statistics than available in 2010 ruliféerent methods of signal
extraction can be though as multi-dimensionality, Apr, pr(up)), or a reweight-
ing of the inelastic background with the mass of the protonnant.

Systematic uncertainties are also assumed to shrink withnaglated integrated lu-
minosity, as most of them (tracking, vertexing, energyecal.) are derived from
the data directly. Similarly the largest uncertainty, whig coming from track-quality
and veto-size variations, could be better controlled byhapg dynamic cut based on
the event-by-event position resolution aptlof the vertex and tracks.
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Part IV

The look forward
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Chapter 8

Two-photon exclusive
production of supersymmetric
pairs

“Supersymmetry is a concrete sound brid%ing the gap
between silence and noise that can only be picked up
under immense concentration”

Critics of album 'Supersymmetry’ from band 'Underwater Gt/

Two-photon production of charged supersymmetric pairsahelean and unique sig-
nature of 2 forward scattered protons, 2 opposite sign tepémd large missing en-
ergy (8.1). Consequently, search for supersymmetry thrdug-photon channels
has the advantage to propose a simpler event topology aadesldinal states than
other SUSY searches ipp collisions at theLHC which have to deal with complex
cascade decay chains containing several types of unknostioles. This vantage has
already been pointed out by Ohnemus, Walsh and Zerws&9itin [22], where they
first proposed to search for non-strongly interacting SU&Migles iny~ collisions.
However, authors did not discuss the experimental aspie&ed to the detection of
such events.

An exploratory study has therefore been performed at thergéor level, with realistic
acceptance cuts applied for the central and forward detextit aimed to determine if
these processes could be visible and to quantify the bensfitsiated to the detection
of the forward protons imPs.

153
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For low-mass SUSY scenarios, significant cross-sectianexrected and background
processes are well controlled. Measurements of the forweotbn energies would
allow for a precise mass reconstruction of the lightest Si&Hicle and right-handed
sleptons(8.3/1, 8.3.2, 8.4) with a few GeV resolution. Melhto reduce backgrounds
at high luminosity resulting from accidental coincidenbesveen central and forward
detectors are discussed in8.5.

8.1 Two-photon production of SUSY pairs

The two-photon production of pairs of charged massive gagioffers an interest-
ing potential for the search of 'beyond the Standard ModBBI) particles. The
production cross-section for charged pairs is displayef€ignirel 2.7 as a function of
the particle mass for different spin states. The photon fiip@rameterization with
the Equivalent Photon Approximation, as discussed in 8e@i2, can be success-
fully used for the physics cases developed below, and therd¢fie rate of produced
particles at theeHc can be well predicted. For instance, the cross-sectionhfer t
(elastic-elastic) production of scalars, fermions andaegairs of100 GeV is0.7 fb,
4.1 fb and52.0 fb respectively for,/s = 14 TeV. The survival probability, which is
assumed to be large for two-photon interactions as arguSadtion 2.2, is taken to
be 100% for the next studies.

Supersymmetry, as it predicts new scalar and fermionicighest above the elec-
troweak scale, is therefore an excellent candidate forlrmmagcomplementary searches
in v~ interactions at theHc. Because of the relative low cross-sections for these
processes, it requests large integrated luminosity toimlatasignificant amount of
statistics. With the HC nominal plans, that also means that this analysis has torbe pe
formed at the design luminosity, when the mean number ofipilevents per bunch-
crossing becomes of significant concern. However, tankdriking experimental
signatures, backgrounds are expected to be quite low andimggr control.

The relevant Feynman diagrams for the two-photon prodonctislepton and chargino
pairs are shown in Figure 8.1. In order to ensure the cleavesit signature, only the
fully leptonic final states are considered in the followindith the techniques of se-
lection for exclusive events developed in Chapter 5 forpddas and the successful
application to theyy — u™p~ process in Chapter 6, we ensure that the exclusive
dilepton final states are selected with high-efficiency.

As it is shown in the same Figure, supersymmetric final stateslso characterized
by the presence of large missing energy, which is carriecbguhe neutrinos and
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Figure 8.1: Relevant Feynman diagrams for the two-photon production of slepios (beft)
and charginos pairs (right), with 2 leptons final state.

neutralinos which escape the detector without being dede@f course, eventhough
SUSY is taken as main framework to perform the analysis, laimfinal states can
also obtained in others BSM theories as in two-higgs doubtadels, or with heavy
stable charge particles, ... Therefore, the supersymeratdice has to be understood
as an academic case to display the power of the method, whicheextended to any
'new physics’ signal sharing similar characteristics. tder to have a framework of
realistic physics case, the study has been performed foecifspbenchmark point,
usually referred as the LM1 point in the literature.

The MSSM parameters, together with the associated praductioss-sections, are
detailed in Appendik C. The relevant contribution to thelegive dilepton signal

comes from the two-photon production of right-handed sleqgairs, for a total of

0.8 fb, which is 140 times smaller than Sy — W+ W~ process. The simulation
of the exclusive states has been performed using the caldftiEfe-Carlo generator,
and then passed to Pythia where the decay and hadronistjswgere performed.

8.2 Detection of exclusive SUSY pairs

The requested final state, that is applied in for this LM1 giuat could be generalized
to any low-mass SUSY scenarios with lawts3), involves

¢ 2 leptons of opposite charge withinms acceptance,
o 2 forward scattered protons hitsirs

e missing energy
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The only irreducible background process for this event lmgppis the exclusive two-
photon production of pairs &# bosons. The cross-section for two-photon production
of W+~ with fully leptonic decay reaches almasth.

The direct lepton pairs two-photon productipm(yy) — pf+¢~p (with £ = e, u, 7)
can be easily suppressed by requiring large acoplanaritipatarge missing energy.
For the final figures as well as in Talble 8.1, the reverse of esesl in the exclusive
dimuon selection have been applied:

[(B(€F) = d(£7)) /x| < 0.9, pr(€7) = pr(¢7)] > 1.5 GeV (8.1)

Assuming aLHC multi-purpose detector likems, the following cuts have been ap-
plied on the leptons in order to simulate the acceptancemegfithe central detector:

pr(et) > 10 GeV, pr(pt) > 7GeV, In(¢*)| < 2.5, (8.2)

which are expected threshold for lepton pair triggeringigh luminosity. The lepton
energy and momentum scales are supposed to be precisely laidhat point, such
that nullp7 resolution will be assumed in the next.

Protons have been transported through the beamline ugmgttiror software with
same beam optics and same station locations and distamesyn 2.5 mm forHPS-
240,4 mm forHPs-420) than for the results of Section 4.3. The efficiency ¢¢diing
both forward protons (among those with detected centraliggtis then around’4%,
so almost the whole relevant photon spectrum is probed.

The expected rates of events withif0 fo—!, with 2 detected leptons with/without
doubly-tagged requirement are indicated in Table 8.1 festgnal andV W~ back-
ground. Because the branching raB®(/* — ¢t + x9) ~ 100%, selectron and
smuon pairs are the major expected contribution in the arsabyf dileptonic final
states. In addition, almo§6% of right sleptons an@5% of left ones fall within the
acceptance window. On the contrary, pairs of charginos btwer significant decay
modes (including hadronic decays) therefore diffy of the produced chargino pairs
will be detected. Staus, since they decay into tau leptoilspmduce mostly two
7-jet final states, hence onlyand6% of the 7, and ther, pairs pass acceptance cuts,
respectively. Finally, no relevant signal of the chargeddsiboson pairs can be seen,
sinceHt — bt is the dominant decay mode.

The signal to noise ratio, although it already reaches aevellse tol /5 after lepton
acceptance, can be improved considering only same flaveptditic events. Indeed,
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because the signal is dominated fyand/;, pair decays, arounl0% of the LM1
events is composed ef ¢~ andu™ .~ leptons. At the same time the backgrouid
pairs are suppressed by a fackdry selecting same flavor leptons.

Similarly, as the LM1 benchmark point doesn’t stand in thghhtig(/3) region where
couplings to (s)taus are enhanced, one can reject evetitgepibns fromr decays on
a displaced vertex veto. A conservative valud ehm transverse displacement with
respect to the beamline has been assumed such that, at #ratpehevel 566% of the
leptons from tau decays are flagged as displaced.

The lepton transverse momentum spectrum of events withadgoitis forward detec-
tions is also shown on Figulre 8.2 for the events passing fterleacceptance cut, the
same flavor requirement and theveto. One can notice that the lepton energies are
significantly larger than the ones involved in thg~yv) — pu*p~p analysis, with a
maximum around 5 GeV. That also shows that, even for low-mass SUSY scenario, a
stronger cut on ther would not affect the triggering efficiency dramatically.
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Figure 8.2: Transverse momentum spectrum for the signal (stack histogram) artshttk-
ground separately, assuming an integrated luminosity06ffo~!. Events passing the lepton
acceptance and with doublrstag are considered.
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8.3 Very forward detector information

In contrast to the nominalp studies which can only use kinematical quantities mea-
sured with the central tracker, calorimeters and the mustesy, the main experi-
mental advantage of the two-photon processes relies onetieettbn inHPS of the
two forward scattered protons. Indeed, beyond simply tagygkclusive interactions
by looking at coincident signals on both sides of then HPS, measurement of the
proton energy in the forward detector —and hence the rewanisin of the proton en-
ergy lost and the photon energies— is an unique and preaséotderive the initial
conditions of the event. In nomingp interactions, as the proton remnant is emitted at
small angle and hence undetectable, the intial energy amdeminm of the incoming
partons remain unknown.

For tagged protons, the photon energy reconstruction istasd to be performed with
a resolution of

o(E,) = maxE,/100,1.5 GeV) (8.3)

for all protons, following the results obtained in [81].

8.3.1 Two-photon invariant mass reconstruction

The first obvious useful quantity reconstructed from the photons energy to dis-
criminate between the signal and background is the twogphiatitial conditions’ of
the event:

Wy = 2v/Ey, Er, (8.4)

whereE,,, E,, are the reconstructed energies of two colliding photonspegted
distribution is shown in Figure 8.3 for L=100fB. One can see two significant peaks
due to the production thresholds of right slepton (aroun@ @&V) and of left slep-
tons (around 400 GeV) for the LM1 case. In this way, the siept@ass spectrum can
be probed by measuring the threshold energy for each peakhghapproximately
equal to the sum of masses of the two produced sparticleboltid be stressed that
the mass determination in this method depends only orHtigeenergy resolution,
and not on the resolutions of the central detectors. Actieigion off% and/; mass
determination is then mostly driven by available statgstic

Moreover, this quantity can also be used to suppress thegbawkd since thév,,
shape distribution foW pairs is well known and starts at abQuty,. The choice of
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Figure 8.3:Two-photon invariant mass reconstruction 60 fb~*.

the analysis cuW;’;”" could be then changed along thec running period according
to the SUSY mass constraints coming from nomjnastudies.

8.3.2 Missing mass reconstruction

Informations from both central and forward detectors can e combined to extract
the mass of the LSP. Indeed, the missing energy carried aytnelneutrinos and the
neutralinos can be estimated as

Eriss = E’n + E’yz - Ell - El2 (85)

whereE;;, E;; are the measured leptons energies. A conservative camdstmade

to account for theboremsstrahlungn electronic decays. It is assumed that the soft
bremsstrahlung photong;(v) < 10 GeV, are not detected. This results in the biased
E,.iss in @ small fraction of events, but otherwise leptons are vezlf reconstructed

in the central detectors. Therefore, as it is assumed teatnlergy and momentum
of the leptons are known exactly, the resolution of the retroisted kinematical vari-
ables is dominated by the photon energy resolutionsria

The missing invariant mass distribution can then be defised a

Winiss = Efm-ss - P2 (86)

miss
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whereP,,;ss is the event missing momentum and is calculated in analogy, Q.
Missing mass is on average larger for the SUSY event sampde si supersymmetric
event will always produce at least two massive LSPs. Thisbeaseen in figure 8.4
where the expected distributionsdf,,,;,, for 100 fb~! is shown.
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Figure 8.4:Two-photon missing mass reconstructed wiéid fb—*.

SUSY distribution is peaked slightly abo260 GeV, which is twice the mass of the
lightest neutralino in this model, while it starts at zero fiee SM contribution. This
quantity allows for measuring the LSP mass with a high reswilby performing a
mass edge study. It also provides a powerful tool to suppihedd W~ background
by requiring alW ™" cut.

miss

8.3.3 Significance
Applying the following analysis cuts driven by the prior dtes:

e acceptance cuts (8.2),

o same flavor lepton selection,

T-flagged rejection,

W, > 235 GeV andV,,;s; > 195 GeV,

lepton pairs acoplanarity and unbalanged(8.1),
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one reaches §/ B ratio close tal.5. The various contributions for the signal are given
in Table/ 8.1 for the integrated luminosity L = 100fg andS ~ 36 and B ~ 25
events.

Process aw op wmiss  A¢/n
selection selection &V,, & Apr
pp(yy) — p[f}%ﬂép 28.40 21.79 21.51 15.81
pp(yy) — péEél_%p 23.78 18.21 17.98 12.81

pp(vY) — PR AP 6.76 4.14 4.12 3.31
pp(yy) — péférp 6.51 4.10 4.07 3.35
pp(yy) — R p 0.06 0.04 0.04 0.02
pp(7y) = pis o p 0.06 0.04 0.04 0.03
() — PXT XL P 1.86 1.08 1.08 0.67
pp(7Y) — PX3 X3 P 0.42 0.09 0.09 0.08

() — pW+W—p | 16841  137.00 31.16 2453

Table 8.1:Expected number of events fér= 100 fb~! after each selection step. Details on
the cuts are in the text.

The 50 discovery for the LM1 left and right sleptons is then reach&dady after
45 fb~! thanks to strong suppression of the irreducible backgroitrmbuld still get
better by using additional model-dependent cuts exploingand A R angles as it is
done in[8], where théo is reached only after 25 fi3.

Finally, it could be improved even further by including timelastic two-photon pro-
duction, in this case however only one proton is detectedtlamdinematical recon-
struction is not so effective. For the same benchmark pthiathominal proton-proton
studies clainbo discovery after about 10 fi3 [106]. However, determination of spar-
ticle masses in this case is much more complicated. Althahighbenchmark point
has already been excluded by the first data, the method remains valid for higher
masses.



162 Chapter 8. Two-photon exclusive production of supersymmetric pairs

8.4 SUSY mass reconstruction

The main advantage of the two-photon analysis is large thatysto sparticle masses.
However, the mass determination Eﬁ Ef and x{ using the production threshold
values inW.,., and W,,;, distributions is limited by the number of selected events.
Another approach, based on other kinematic quantitiespande a method to mea-
sure mass of the sleptons rather on an event-by-event basis.

The two-dimensional plots in Figure 8.5 represent everttitigions on thelv,.,,
Wniss plane for the MSSM processes and for #fie” W~ background, after accep-
tance cuts. One can observe that for the signal events thesatiables are strongly
correlated, and much less for the background. Moreoverrithe shown that the
width of the distribution is related to the mass of the prastusparticles. This demon-
strates a close relationship between the MSSM masses;theariant mass and the
missing mass. An empirical quantity has been built in ordeake into account this
observation:

(2m7'600)2 = WWQV - ([WQ

miss

- 4m§?]1/2 + [Wl2ep - 4ml2€p]1/2)2 (87)

wherelV,,,, is the invariant mass of the two lepton system, ang, is the lepton mass,
and2m,..., is the reconstructed mass of the produced sparticles. bheamderstood
as the total available energy of the interaction on which ukgract the missing en-
ergy and the leptons energy, both corrected with mass of induped states. That
relation does not work well fof andy pairs because in general they decay into final
states with more neutrinos and neutralinos. The only neegad in this method is
the value of the LSP mass, which can be derived fronithe . distribution.

The reconstruction power of this empirical quantity isstated in Figure 8.6 for the
integrated luminosity L = 100 fb'. A narrow peak centered atn,..., = 236 GeV
=2 x 118 GeV, allows for efficient and direct determination of &éigand i mass.

A second peak, centered at,..., = 370 GeV = 2x 187 GeV, with larger width,
corresponds téf and[ﬁf pairs but is not so well visible. Right selectron and smuon
mass might be determined using this empirical method witwaGeV resolution.

8.5 Pileup effect

At the instantaneous luminosities at which this analysgsthde performed, the large
number of extra overlap events leads to high probabilitygtioegcidental coincidence



8.5. Pileup effect 163

1000

—
> + LM1
] L
O] L
=
> 800—
z |
600 —
400—
200—
O L ‘ L L ‘ L L ‘ L L ‘ L L
0 200 400 600 800 1000
Wi iss [GeV]
— 1000
> I LM1
[} L
O L
=,
> 800—
§> L
600 —
400—
200 —
0 L ‘ L L ‘ L L ‘ L L L ‘ L L
0 200 400 600 800 1000
Wies [GEV]

Figure 8.5:Scatter plots for the LM1 signal and th&€ W background on th&V,,,;ss, W,
plane. Upperjijfi; events (orange) and’* W~ events (red). Lowerfif i, events (green)
andW W~ events (red).

background when a dileptonic event detected in the ceatrnalsub-detectors and the
two forward scattered protons mPs don’'t come from the same interaction. From
detailed studies in Section 4.4, the associated probahilihave 2 accidental proton
hits inHPSper beam crossing is at the levello82% and24.59% for 'low’ and 'high’
luminosity respectively, if one sums contribution from[K[p] and [pp][X] in equa-
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Figure 8.6:Reconstructe@ m..., variable for the LM1 benchmark point add= 100 fb~.
tions 4.8 and 4.9.

The considered inclusive processes with dileptonic finaflest likely to mimic an
exclusive SUSY signature ifPs hits match, are the inclusive boson pairs production
pp — WYW~ — 040~ vs,pp — ZZ — {74~ + jets and the inclusive Drell-Yan

pp — Z/y* — €4~ processes, for which production cross-sections r&ach0? fb,

1.1 10* fb and1.3 107 fb respectively. The expected number of dileptonic eveftés a
applying the same lepton selection than for SUSY searcho@f®psign, same flavor,
7-veto and withinpr, n acceptance) is shown in first column of Table 8.2 and has to
be compared with values from Table 8.1 for the SUSY signal.

As the dominant component of inclusive dilepton is comimgrfDrell-Yan processes,
analysis selection with pileup includes cutsyg#i** and oni¥,.,,, both built from the
leptons kinematics information in order to reduce the part’ and the Z part’ of the
spectrum respectively. The considered cuts for Drell-Yaion the next will be set
as

Piiss > 10 GeV; Wi, & [87 GeV; 95 GeV (8.8)

which will remove approximatel§0% of the remaining Drell-Yan events while keep-
ing 93% of the SUSY signal.



Process| (t¢~ track pp Wmiss — A¢/m  Drell-Yan
selection exclusivity selection &7, & Apr veto

pp — Z/v* (low PU) | 208M 43k 531.95 201.85  55.39 21.38
(high PU) 10.6k  4035.40 1107.43 427.52

pp — ZZ (low PU) 87k 25.62 0.32 0.08 0.06 0.02

(high PU) 6.30 1.69 1.19 0.48

pp — WTW~ (low PU) | 100k 40.47 0.50 0.15 0.11 0.11

(high PU) 9.95 2.97 2.29 2.16

Table 8.2:Expected number of events féw= 100 fb~* after each selection step. Details on the cuts are in the text.

10949 dnajid "5°8

G991
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This accidental coincidence background can be reducedjaehlevel trigger stage
using kinematic constraints as consistency between thieatemd the forward sys-
tems in rapidity and mass. It can be further reduced usindgittehat in general the
number of tracks associated to the dilepton vertex is mudilenin exclusive events
than in generic collisions, and used similar methods faecilg exclusive processes
as the ones developed in Section|5.3. The performances ofith&racks vertexing
and the extra -track veto has proved to work in pileup coongithrough the measure-
ment of thepp(yy) — putp~p process.

.

Wb

10~

Event selection [%)]

-7y inclusive W "W~

N

10~

/e inclusive 2z

&

10 / — - inclusive Z/ y*

LBLRARL B e L1 L e e e
AN

\‘/\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘
0.2 0.4 0.6 0.8 1 12 14 16

P, cut [GeV]

Figure 8.7:Background selection efficiency or 'no extra track with > pr’ cut condition

For illustration, track-based exclusivity conditionsffi@ency is shown in Figure 8.7
as a function of the minimumy value for track reconstruction. The high performance
of the central tracking detector to reconstruct tracks exéow pr has been proved in
Figurd 5.9. One can notice that additional tracks withininem veto size around the
exclusive vertex are reconstructed dowmtd 00 MeV. To keep a conservative value
of a100% track reconstruction efficiency, we request no extra tradké /¢~ ver-
tex with pr > 0.5 GeV. No veto-size is applied as, at generator-level, alptngicles
arise from the same point. Wighr > 0.5 GeV, the extra track veto method provides a
reduction factor aroun#500 for inclusive W W, 3000 for inclusive Z Z and4500 for
Drell-Yan production. However, it has to be emphasized these reduction factor
are strongly dependent on the Multiple Parton Interactiadehused, and then have
large uncertainty of factaz.

The effect of the accidental coincidence background wibktbased exclusivity con-
ditions only is shown in top row of Figure 8.8 for low and highmlinosities. For the
lower one, the inclusive background remains on an accepltaizl, so thaéﬁ andﬂ§
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masses could still be reconstructed with a few GeV resoi(iip left). However, in
case of high luminosity, the probability to have a centrédtionic event accidentally
associated teiPshits is so large that peak signal from exclusive supersymongdirs
is hidden (top right).
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Figure 8.8: Reconstructe® m,..., variable for different pileup environment. Left: =
2 10%cm~2s7!, Right: = 10**cm2s™!. Top: track-based exclusivity conditions, Bottom:
track-based exclusivity conditions plus forward-central vertices hirgarequirement.

For such harsh environment conditions, precise time-ghfliletectors with few pico-
second resolution have to be installed in association tgtbsn detector aiming to
measure the relative time of arrival of protons at eachaiati;, andtz. With the z-
by-timing method, the vertex position of an hypothetic dsenith triple coincidence
can be reconstructed as

1
Zpp = i(tL — tR) X c (89)

and should match with the central vertex reconstructedmitivs for a real exclusive
event. On the contrary, for overlap background events, tisgipn measurements of
forward and central vertices disagree for a large majorfitthem (see Section 4.4).
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Such high background suppression is only possible if protoa of arrival measure-
ment is performed with very-fast detector. Indeed, frormang resolution of 10 ps
on single proton measurement, the vertex position is reconstructed with2amm
uncertainty. So fast detector is already available, asulhent prototypes o6ASTOF
showed a resolution of 10 ps during test beam.

Thus, assuming a timing resolution td ps, and a vertex window size ®f50,, ~

3 mm, the corresponding matching efficiencies from Table dv&lbeen applied to the
signal and the inclusive overlap background, and expedstdhaitions are displayed
on bottom row of Figure 8/8. The large overlap backgroungheegsion from vertices
matching requirement is very powerful to get the SUSY sigmell visible in the
spectrum.

8.6 Summary and prospects

The present study, although it was restricted to a specifichmark point, can be
generalized to any other point of the MSSM plane or to anycteaf BSM charged
particles. The only limitation to the method is the amounstatistics which will be
collected at the HC, otherwise it can be used for any considered BSM spectruranAs
example, three other benchmark points with different togplare briefly considered:

LM3-like benchmark

For this point and in the region around, = 330 GeV, m;,, = 240 GeV, the
exclusive supersymmetric signal is supposed to be dorunagethe production of
charginos €¢(pp(7y) — pXixXip) =~ 0.649 fb), decaying with the same branch-
ing ratios than théV* (B.R.(x{ — ¢t%)) = 31.5%). Therefore, SUSY searches
with fully leptonic final states with same and different lepfflavor final states can be
performed. In addition, the selection with different flaveould highly suppress the
inclusive Drell-Yan background which will survive only tugh~y/Z — 77~

LM2-like benchmark

Within all the MSSM region arounthy = 185 GeV,m; » = 350 GeV, the exclusive
SUSY signal would also be composedygfy; (o0 =0.144 fb). However, as the point
LM2 stands in a hightg(3) regime ¢g(3) = 35), the production of;" 7, (0.166 fb)
is contributing for roughly the same amount. Furthermdrne,high¢g(3) value en-
hances the couplings to tau and stau such that the phenooggrafi the final states
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is modified asB.R.(x7 — 7 v,) = 95% andB.R.(7;7 — 77x}) = 100%. Al-
though dileptonic final states have been considered prelyi@s to have the cleanest
final state possible, one can also perform similar reseanckdmi-leptonic or fully
hadronic final states in the central detector. However, Hotusivity conditions are
much difficult to establish. That would demand an extremégy laccuracy to deter-
mine which tracks originating from the neighborhood of tleetex belongs to the jet,
and which are due to proton remnants hadronisation or nfeijtigrton interactions.
with everything enveloped in high-pileup environment!

Sweet-Spot

In addition, in some non-common SUSY theories, the LSP istfiats in MSSM but
rather the gravitino. One interesting framework in whichttbccurs is th&weet Spot
SUSY[107], where the next-to-LSP is predicted to be the lightastF;", with low
mass around16 GeV. It would be quasi-stable, with a decay time(f3000s). Pro-
duction of%li pairs in photon-photon interactions will then be detectgalserving
very exclusive final states — two heavy and stable, oppokdege particles produced
centrally plus two forward scattered protons. Using thenglneenological spectrum
of [107], one finds the cross section for the two-phatgrproduction of aboud.43 fb.
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Figure 8.9: Photon-photon invariant mass distribution after the integrated luminosity

L = 100 fb~tfor pp(yy) — 71 71 )pp with pr(7:5) > 10 GeV requirement.

A usual method inp studies to detect such heavy lepton like pairs relies onskei
thedE /dx variable, or time of flight measurements, and results in a peepnstruc-
tion using calorimeters and muon chambers [108]. On theraontin the two-photon
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analysis, almost all the kinematic information is avai@ladgain thanks to the detec-
tion of the forward scattered protons. For example, the piwoton invariant mass
W, as shown in figure 8.9 for the integrated luminosity L = 100'fpassuming de-
tection if both staus withpyr(7) > 10 GeV, and of two forward protons in the full
HPsSsetup. The stau mass can then be directly measured by com plaeitwo-photon
invariant mass with the stau momenta. Such a event-by-ewags measurement has
a very good resolution, of about 5 GeV. Finally, the stau spinld be determined by
analyzing the stau angular distributions in their cenfemass reference system.

Forward trigger

Another possible constraint for the nominal search witlyfilptonic final state is the
limited bandwidth for triggering low lepton pairs. At = 10%* cm=2 s~!, most
of the L1 bits will be probably used for BSM search jip interactions, by requested
high-p jet and large missing energy signatures. Exclusive select leptons could
therefore suffers from this limitation. However, two argemts may improve the situa-
tion. On the first hand, as it is shown in Figure 8.2, even lomssSUSY scenarios are
leading to relatively high lepton transverse momentumhghat one could imagine
to trigger only lepton pairs witlp > 20 GeV without loosing all the signal.
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Figure 8.10:Triggering performance fromLT_Doubl eMu3 andHLT_Doubl eEl €10 com-
puted with OpenHLT with/without double tag requirement as a function of thst mnergetic
lepton of the pair.

On the second hand, with the future increase offthdatency , one may even hope
to have special triple coincidences trigger with the cénletector an@40m stations.
The effect of such a system is demonstrated in Figurel 8.16renthe triggering effi-
ciency is shown as a function of the most energetic leptoh®fiir for two trigger
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paths already existing in the curreAtLT menﬁ. The efficiencies have been com-
puted usingp(vy) — p@l@}p Monte-Carlo events generated at the LM1 point and
information from HLT process. The simulation of the protoogagation in the beam-
line is done withHECTOR assuming the usual set of forward detectors. The binning
changes betwegn- below 40 Gev (1 GeV') and above (10 GeV') due to statistics
matter.

One can notice that up t@r = 30 GeV, the efficiency curves for the event tagged in
HPsfollow the ones with central detection only, with a diffecerof the order 020%
less due to intrinsic forward detector acceptance. Aftertfireshold, the produced
dileptonic events are usually too heavy to have their 2 fodwaotons tagged, and
then efficiency starts to decrease.

Summary

The first exploratory study of two-photon production of BSlkling showed that in-
teresting results can be extracted with significant stegistvailable, though the pro-
duction rates are low relative g rates. As an academic example, the present study
showed that for a signal cross-section 140 times smallerttheaSM background)(8

vs 108.5 fb), an efficient selection leads to a significant amount alusive signal
over a largely-suppressed background. For higher masshesarstringent cuts on
Winiss andW.,, would compensate the decrease of expected signal rate.

It also proves that the insertion of a dedicated very-fodyanoton detection system,
when accompanied with fast timing detectors, would bririgatle and accurate mea-
surements of the BSM model properties, as the mass spectrum.

IHLT_Doubl eMu3 andHLT_Doubl eEl e10
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Conclusion

Two-photon interactions at theHc, although they suffer from relative low cross-
sections, turn out to be an important physics channel toiden@ order to achieve
the cMs goal to probe various new sectors in physics. Expected eatdsavailable
~~ energies allow for novel and unique measurements alreagly at 7 TeV.

The first measurement of two-photon production at the wigtihs detector showed
the feasibility to select effectively exclusive pairs ewsithin pileup environment.
With limited statistics, the exclusivity and kinematic¢estions demonstrated the ca-
pability to discriminate the elastic-elastic signal frother sources of (semi-exclusive
and inclusive) dimuon events.

In particular, the application of track-based exclusivignditions, which consist to
veto events with any track originating from 2 mm around thewtin vertex, proved to
be an excellent alternative to the usual calorimeter vetrder to suppress inclusive
events. Remaining background was separated from fittingitigular kinematical
distribution of thepr of the pair. Although it exists limited statistics in the sidland
region which bring large uncertainty on the inelastic yield excellent agreement be-
tween data and the LPAIR predictions are observed when isgpilye best-fit values.
That is the case for the single muon quantitiesir, n) as well as for muon pairs

kinematics fr (up), n(up), Apr, Ad, ...)

With additional events which will be recorded in 2011, a obgamodelling of the
single-inelastic component will be possible. And hencetttal integrated luminos-
ity could be measured with a few percent uncertainty only.

The observation of//¥ and T photo-produced events also opens up the ability to
measure exclusive vector meson cross-sections at an enetfjpbove theHERA
scale. Backgrounds still need to be understood, includiagrtelastic component and
the contamination from central exclusive productionyddtates. In addition, for the
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low-mass states, it also needs to come with an accurateatiomlof the endcap re-
gion for the detection of lowr muons.

The agreement between data and— .~ Monte-Carlo expectations also tends
to promote this process to calibrate the future High PresiSpectrometer, aiming
to detect forward scattered protons. The integration ofi sledlicated forward track-
ing system into the&ms trigger and reconstruction scheme would bring an enormous
advantage to the two-photon physics. Since both hard saatteoutgoing protons
would be detected, a useful set of extra information is atae! for physics analysis.
For instance, for the two-photon production of supersymia@airs, they~ invari-
ant mass and the missing mass distributions contain direatliable information on
the SUSY mass spectrum without recourse to complex anatysikods. Combina-
tion of both even leads to precise mass reconstruction oes®dtY particles on an
event-by-event basis with a few GeV resolution.

Although the benchmark point studied has already been mlgdy the first 2010
data analysis, the method remains valid and extremely golves detect and mea-
sure two-photon production of more massive SUSY pairs, proginer 'new physics’

signal produced exclusively. The only limitation comesirthe statistics collected
and the maximum photon energy tagging limitedt@00 GeV.

With realistic physics case andic beam parameters, simulations show that contam-
ination from accidental forward proton hits in coincidendh triggered event in the
centralcMs detector would contribute at a negligible level for relatilow pileup en-
vironment () ~ 5). Such suppression of the overlap background may be achieve
using similar techniques of track-veto exclusivity coradis as the one developed in
theyy — pTp~ analysis.

However, with the increase of luminosity, the rate of acatdetriple coincidence
background becomes so large that an extra technique of ok suppression has
to be added. Comparing the central vertex and fhe Vertex reconstructed with-
by-timing method, it was demonstrated that roughty% of the overlap background
are rejected through this method withl@ ps resolution on proton time of arrival.
Such precisions have already been achieved wiBTOF prototypes at recent Test
Beam, and some improvements are yet possible (mirror bedhlevss, etc.). The
C++ simulation of the detector developed may be of help to sefardhe best design.



The study of two-photon interactions at thec brought me the opportunity to be in
touch with various aspects of the modern high-energy pbys&itom the Monte-Carlo
generation of these processes, with the complex simulatiche proton remnant
hadronisation. Through the experimental characterimatiothe exclusivity condi-
tions, dealing with standard high-level objects from thes reconstruction and with
sub-detectors components. Also through the creation ofalysis code to effectively
select events of interest among the huge amount of avaitteibe by applying both
purity and physics-motivated criteria. Finally, with thitsstical treatment of these
data and their interpretation. For tkeasTOF project, | entered in the world of fast
electronic, precision measurement and hardware R&D, whiate far from my initial
skills. In conclusion, a bit of everything .






Appendix A

Trigger muon paths

TheHLT online muon selection is actually a chain composed of twiediht types of
pieces: the muon reconstruction ones and the filter logis.ofieke muon reconstruc-
tion is common to all paths containing muons and is perfornmetependently of the
trigger path called, on all muon candidates (up to 4) whickeh@assed an initial filter
based on_.1 trigger info. The fullH LT reconstruction processes in 5 steps:

1. seed creation fromi1 muon candidates

2. L2 (stand-alone) muon reconstruction

calorimetric isolation

L3 (global) muon reconstruction

o > w

tracker isolation

with a series of filters, specific to each path, placed amoognsruction steps to stop
the trigger sequence if the muon candidates don't satisfyesgiven conditions.

The 3 double muon trigger paths used for the online seleetien

e HLT Doubl eMi0: Seeded by thd.1 bit L1 _Doubl eMuOpen, it requests at
least two L3 muons, without any; cut. EachL3 muon is seeded by &2
muon, also without anyr cut, and must be separated by at nibsin from the
beam spot (iM\(XY")).
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e HLT_Doubl eMuOpen: Seeded by thé1 bit L1 _Doubl eMuOpen, it requests
a muon pairs without any further selection beydnd

e HLT Doubl eMi3: Seeded by thé 1 bit L1_Doubl eMu3 (up to run 147116)
or L1 _Doubl eMuOpen (from run 147196), it requests twb3 muons with
pr > 3 GeV. EachL3 muon is seeded by A2 muon withpy > 3 GeV and
must be separated by at m@stm from the beam spot (iA(XY")).

e HLT _Doubl eMu0_Quar koni umv1: Available in the men2FE32, it similar
to the HLT_Doubl eMu0 except that it triggers only on opposite sign muons,
and for masses withih.5 < m < 14 GeV.

At the boundary betweeRun2010A and Run2010B eras, a major modification
was done in the reconstruction algorithm of thg& muons, therefore changing the
nameHLT_Doubl eMu3 to HLT_Doubl eMu3_v2. In the first period, th®utside —
InState algorithm was used, consisting in a usual propagation of thetate to the
outer tracker layer and the use of that seed for the trackesrpaecognition.

On the contrary, the "cascade” algorithm is an intelligesrhbination of the different

L3 seeders which work separately and sequentially: firstgside — InState seed
builder, then the@utside — InHit seed builder (use of the propagatk?l state plus
one hit to make the seed), and finally theside — out Hit seed builder (use of pixel
pairs or triplets in the tracking region aroui@ state as a seed). The cascade stops
when one algorithm leads to/z3 muon, otherwise goes to the next seeder9a

of the time, the cascade coincides with (héState algorithm, but in5% of failure
theOI Hit andlO Hit are increasing the efficiency, especially for leyyr L2 muons.



Appendix B

Ray Tracing plots

Technical plots, mainly dependence of reflection/refoadtransmission power with
the incoming photon wavelength, are shown in Figlures B.1.%aB3 they are in use
for the ray tracing simulation.

The distribution of proton initial positions is shown in Eig/B.1 in 2 dimensionnal
view. On thex axis, the originz = 0 stands on the position of the closestsTOF
wall to the beam, and corresponds to a beam-distan2& ofim which is assumed for
HPS240 (z > 0), i.e. x = 0 on the plot corresponds to = 2.5 mm with respect to
theLHC coordinates.

The refraction index of th€'yF1y gas running with the incoming proton energy is
displayed in Figure B.2. It varies from = 1.0017 to 1.0013 in the energy regime of
work.

The mirror reflectance is shown in Figure B.3 as a functiomefithoton wavelength,
derived from "Optics for Reasearch” web data[109]. One oatica that the metal-
lic front-surface mirror used has reflectance betw&#s and90% in the ultra-violet
regime.

The lens transmission power from Figlire B.4 has been defived’Edmund Optics”
web data[110]. The transmission is constant arodfd for the wavelengths under
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Figure B.1: Two-dimensionnal distribution of the proton entrance positions AisTOF, de-
rived from realistic scattered forward proton distributions frpp{yy) — pW W ™ p pro-
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consideration.

The quartz refractive index, which is used to simulated itime tdelay in the3.2 mm
quartz layer front of the photo-cathode, is shown in Figurs, Berived from a for-
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Figure B.4:Calcium Fluoride lens transmission dependence with the wavelength.

mulain [111].

The quantum efficiency of 2 tubes used in the prototypes, iaptaged in Figure BJ6
(right). Once can notice a drop of the efficiency outside[}tren range for the com-
monly usedR3809U- 50. The QE has been derived from the photo-cathode sensitiv-
ity taken from "Hamamatsu” web data [112] and displayed @ngame figure.
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Finally, the single photo-electron response modellinglteen taken from the Pulse
Height distribution from Figure B.7 taken from [112].
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Appendix C

The LM1 supersymmetric
benchmark point

The MSSM parameters for the LM1 point considered in the aisre the following:
mo =60GeV, my, =250GeV, tg(f) =10, sign(p)=+1, Ay =0;

and the corresponding masses of supersymmetric partieldged from running the
renormalization group equations from parameters abovdisiesl below, together
with the cross-section value for two-photon productiomgghe EPA:

(&%) = m(i5) = 118 GeV o(pp(vy) — plhlep) = 0.399 b
() = m(it) = 187 GeV a(pp(vy) — plilap) = 0.091fb
em(7) = 111 GeV o(pp(vy) — pi 77 p) = 0.518fb
em(7) = 190 GeV o(pp(yy) — piy 73 p) = 0.085fb
em(x;) = 178 GeV a(pp(yy) = pX{ X1 p) = 0.602fb
em(Y;) = 360 GeV o(pp(vy) — pX3 Xz p) = 0.041fb
em(H?*) = 381 GeV o(pp(yy) — pHYH p) = 0.041fb

The Lightest Supersymmetric Particle (LSP) in this modehs first neutralinoy?
with a corresponding mass 96 GeV.

185



186

Chapter C. The LM1 supersymmetric benchmark point

The Pythia software was used to perform the decay and ha@tion steps. The
dominant branching ratios for various SUSY states aredistéabld C.1.

Process Branching Ratio Process Branching Ratio
b, =X} +0 91.82% Py X T 85.88%
X1t 5.53% X7 +vr 9.34%
X5 +0 2.65% W +T 4.77%
Up— X+ 07 100% I e 46.44%
vr+7t 19.01%
X+ 100% Ve +et 17.03%
U+t 17.03%
WAHWwT 0.48%

Table C.1:Relevant decay processes for produced supersymmetric partitheslivi bench-

mark point.
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